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Style format of thesis 
The thesis has been prepared in the style format of journal article compilation. This style is 
appropriate for this research work. This is because the comprehensive understanding of the 
effect of geogrid materials on the performance of concrete pavements is achieved through 
implementing this research study in many stages. The first stage consisted of studying the 
effect of geogrid materials on the flexural behaviour of concrete pavements under static loads 
as presented in Chapter two. The second and third stages included investigating the flexural 
fatigue behaviour of concrete pavements reinforced with geogrid materials under cyclic loads 
as presented in Chapters three and four. The fourth and fifth stages involved investigating the 
effect of geogrid materials on the thermal behaviour of concrete pavements reinforced with 





List of Publications 
Journal papers 
1. Al-Hedad, A. S. A., Bambridge, E. and Hadi, M. N. S. (2017). “Influence of Geogrid on 
the Drying Shrinkage Performance of Concrete Pavements.” Construction and Building 
Materials, vol. 146, pp. 165-174. 
2. Al-Hedad, A. S. A. and Hadi, M. N. S. (2018). “Effect of Geogrid Reinforcement on the 
Flexural Behaviour of Concrete Pavements.” Road Materials and Pavement Design, pp. 1-
21, DOI: <https://doi.org/10.1080/14680629.2018.1428217>. 
3. Al-Hedad, A. S. A., Zhang, M. and Hadi, M. N. S. (2018). “Influence of Geogrid 
Reinforcement on the Drying Shrinkage of High Strength Concrete Pavements.” Submitted 
to the Journal of Transportation Engineering, Part B: Pavements (ASCE), Date of 
Submission 5/07/2018, Manuscript Reference Number PVENG-369.  
4. Al-Hedad, A. S. A., Al-Tikrite, A., Zhang, M. and Hadi, M. N. S. (2018). “Influence of 
Geogrid Reinforcement on the Thermal Expansion of Reactive Powder Concrete.” 
Submitted to the Journal of Building Engineering, Date of Submission 23/10/2018, 
Manuscript Reference Number JOBE-2018-1262. 
5. Hadi, M. N. S. and Al-Hedad, A. S. A. (2018). “Flexural Fatigue Behaviour of Geogrid 




6. Al-Hedad, A. S. A. and Hadi, M. N. S. (2018). “Influence of Geogrid Reinforcement on 
the Flexural Behavior of Cracked Concrete Pavements.” Submitted to the Journal of 
Materials in Civil Engineering (ASCE), Date of Submission 8/02/2019, Manuscript 






1. Al-Hedad, A. S. A. and Hadi, M. N. S. (2017). “Flexural Behaviour of Concrete 
Pavements Reinforced with Geogrid Materials.” 24th Australasian Conference on the 
Mechanics of Structures and Materials (ACMSM24): Advancements and Challenges, 
Curtin University, Perth, Australia: 2017 Taylor & Francis Group, London, ISBN: 978-1-
138-02993-4, PP. 843-848. 
2. Al-Hedad, A. S. A. and Hadi, M. N. S. (2017). “Behaviour of Geogrid Reinforced 
Concrete Pavements under Elevated Temperatures.” Proceeding of the First MoHESR and 
HCED Iraqi Scholars Conference in Australasia 2017, Melbourne, Australia: 
iraqischolars-isca2017.org, PP. 25-30. 
3. Al-Hedad, A. S. A. and Hadi, M. N. S. (2018). “Initiation of Critical Cracks of Concrete 
Pavements Reinforced with Geogrid.” In: WANG, C. M., HO, J. C. M. & 
KITIPORNCHAI, S., eds. 25th Australasian Conference on Mechanics of Structures and 
Materials (ACMSM25), 2018 Brisbane, Australia, December 4 – 7, 2018. Springer, 6, PP. 
1-8. 
4. Al-Hedad, A. S. A. and Hadi, M. N. S. (2018). “High Strength Concrete Reinforced with 
Geogrid under High Temperature.” In: WANG, C. M., HO, J. C. M. & KITIPORNCHAI, 
S., eds. 25th Australasian Conference on Mechanics of Structures and Materials 






The performance and durability of Portland cement concrete pavements (concrete pavements 
hereafter) are extremely affected by the vehicle loads and the daily fluctuation of temperature 
and relative humidity. Tensile stresses and strains are created and gradually increase. When 
the tensile stresses exceed the tensile strength of concrete pavements, cracking of concrete 
initiates and propagates through the complete depth of the concrete pavements. As a result, 
the performance of concrete pavements deteriorates and may be out service. In this study, the 
performance and durability of concrete pavements was improved by using a new 
reinforcement material, called geogrid materials. 
Geogrid materials are geosynthetic materials and have advantageous structural properties such 
as high tensile strength and high resistance of corrosion. Geogrid materials provide a 
complete bond with the surrounding concrete because of their openings’ shape and the 
roughness of their nodes. These properties encourage using geogrid reinforcement materials 
with concrete pavements. 
The main objective of this research study was to investigate the effect of geogrid materials on 
the performance and durability of concrete pavements under static and cyclic loads and under 
ambient environmental conditions. 
The experimental program, which was conducted in this research study, consisted of testing 
the effect of geogrid materials on the flexural behaviour of concrete slab specimens having 
the dimensions of 60 mm × 900 mm × 900 mm. The static loads were applied at three 




which were: corner, edge and interior of the slab specimens. The tests were achieved by 
applying a static concentrate load at a rate of 0.25 mm/min with a circular load area of 140 
mm diameter. The concrete slab specimens were tested under static loads until a 2.5 mm 
crack width was initiated. 
The second experimental program consisted of testing fifteen concrete beam specimens 
having the dimensions of 150 mm × 150 mm × 550 mm under cyclic four-point bending loads 
at a constant frequency of 7 Hz. The concrete beam specimens were either unreinforced 
(references), reinforced with one or two layers of geogrid. The geogrid reinforcement was 
placed at the depth of 55 mm from the bottom of the specimens. The concrete beam 
specimens were tested under various stress levels until failure. For each stress level, the 
concrete beam specimens were subjected to 50000 cycles. 
The third part of the experimental program included testing the effect of geogrid materials on 
the drying shrinkage of normal strength, high strength and reactive powder concrete. The 
drying shrinkage tests were performed with examining prism specimens, which were either 
unreinforced, reinforced with one layer or two layers of geogrid, under ambient conditions. 
The dimensions of the prism specimens were 75 mm× 75 mm × 280 mm. 
Test results illustrated that the geogrid materials improved the load-carrying capacity and 
cracking resistance of concrete pavements reinforced with geogrid materials. The geogrid 
materials proved that the flexural fatigue strength and fatigue life of concrete pavements 
reinforced with geogrid materials significantly increased. The drying shrinkage and thermal 
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b  =  width of concrete specimen 
d  = depth of concrete specimen 
𝑓𝑅𝑃𝐶
′  = 
compressive strength of reactive powder concrete at the age of 28 days in MPa, 
(Chapter seven) 
L  = span of concrete beam specimen 
Nc  = allowable number of cyclic loads for a compressive stress 
Ni   = number of load cycles at Nth of stress level 
Nt = allowable number of cyclic loads for a tensile stress 
PAL = 
total applied loads of geogrid reinforced concrete specimens at a 2.5 surface 
crack width occurred, (Table 2.4, Section 2.6) 
𝑃𝑗
𝑚𝑎𝑥    = maximum cyclic loads of concrete beam specimens at the stress level j 
𝑝𝑗
𝑚𝑖𝑛 = minimum cyclic loads of concrete beam specimens at the stress level j 
Pref. = 
total applied loads of unreinforced concrete specimens at a 2.5 surface crack 
width occurred, (Table 2.4, Section 2.6) 
SCMODi   = 
ratio of crack mouth opening displacement at Nth of load cycles to the crack 





standard deviation of tensile testing results of triaxial geogrid samples, (Table 
6.1, Chapter six) 
𝑡 = testing time in day, (Chapter seven) 
   
𝛼 = 
function of the ratio of secant stiffness in kN/m/strain% to the maximum 
tensile force in kN of the triaxial geogrid tested in the machine direction 
relative to the width of the geogrid roll, (Chapter seven) 
AL = 
deflection of geogrid reinforced concrete specimens at the centre of the 
applied load at a 2.5 surface crack width occurred, (Table 2.4, Section 2.6) 
ref. = 
deflection of unreinforced concrete specimens at the centre of the applied load 
at a 2.5 surface crack width occurred, (Table 2.4, Section 2.6) 
𝜀𝑒𝑥𝑝.𝑅𝑃𝐶  = 
thermal expansion strains  of reactive powder concrete specimens reinforced 
with a single or a double triaxial geogrid layer curing within the ambient 
conditions, (Chapter seven) 
𝜎𝑐𝑗  = maximum compressive stress of concrete beam specimens at stress level j 





1. CHAPTER ONE: Introduction 
1.1 General background 
A rigid pavement structure consists of a Portland cement concrete pavement poured in situ on 
a prepared subgrade or on a subbase foundation. Three basic types of concrete pavements are 
available in constructing rigid pavement. These include jointed unreinforced concrete 
pavements, jointed reinforced concrete pavements using welded steel fabric and continuously 
reinforced concrete pavements using steel reinforcement (Underwood 1995). Two other types 
of concrete pavements are mentioned by Austroads (2004). There are also steel fibre 
reinforced concrete pavements and prestressed concrete pavements.  
Through their serviceability life, Portland cement concrete pavements (called concrete 
pavements hereafter) are exposed to various weights of traffic loads (wheel loads) and daily 
fluctuations of environmental conditions such as changes in temperature or relative humidity, 
and volumetric changes in the subgrade or subbase. With inadequate consideration of these 
changes during the design and maintenance stages of concrete pavements, the performance of 
concrete pavements considerably deteriorates. 
The effect of temperature and relative humidity are critical for the concrete pavements. This is 
because the concrete pavements have a high surface to thickness ratio and are subjected to the 
fluctuation of temperature and relative humidity. The fluctuated temperature and relative 
humidity influence the gradient temperature and the amount of moisture in concrete 




excessive shrinkage and expansion of concrete pavements. Tensile strains and stresses are 
generated in concrete pavements due to the attachment with foundation and adjacent slabs. As 
a result, cracks in the concrete pavements initiate and propagate and, then, they start to lose 
their functional roles. 
In addition, the performance of jointed and continuously steel reinforced concrete pavements 
decreases when subjected to the fluctuation of temperature and relative humidity. When 
cracks are initiated and gradually propagate in multi-directions of jointed and continuously 
steel reinforced concrete pavements, surface water penetrates through these cracks and attack 
steel bars and steel meshes. Corrosion in steel bars and steel meshes starts. The main function 
of the jointed and continuously steel reinforced concrete pavements gradually declines. 
In summary, cracking is a natural phenomenon in the concrete pavements. With service time, 
defects such as longitudinal and transverse cracks and shrinkage cracks are gradually initiated 
and cover large areas. For the plain concrete pavements, the pavements might completely 
deteriorate. For steel reinforced concrete pavements, corrosion of steel reinforcement is very 
likely to take place. As a result, the performance of concrete pavements declines. In this 
research study, the geogrids which possess high tensile strength and excellent resistance 
against corrosion were adopted as the reinforcement material of concrete pavements. The 
durability and the behaviour of concrete pavements reinforced with geogrids under the 
ambient conditions and the traffic loads were investigated and compared with the results of 




1.2 Geogrid materials 
Geogrid materials are considered one of the geosynthetic materials. Geogrid materials are 
manufactured from polypropylene composite materials (Tang et al. 2008). Different opening 
shapes of geogrid materials are available in the market; for example, uniaxial, biaxial and 
triaxial geogrid. The biaxial geogrid has square openings. The triaxial geogrid has triangular 
openings. The network of the geogrid materials consists of ribs and nodes. The ribs of geogrid 
materials are connected at one point to form the required opening shape of geogrid, called 
nodes (junctions). 
Geogrid materials have several structural advantages making them a potential alternative of 
steel reinforcement for concrete pavements under relatively light loading conditions (Tang et 
al., 2008; and Arulrajah et al., 2014). These advantages include a high tensile strength and 
excellent chemical resistance. Also, the geogrid materials can provide a full bond between the 
geogrid and the surrounding materials (Meski and Chehab 2014; Siva and Agarwal 2014, 
2015a, 2015b; Wang et al. 2015; and Abdesssemed et al. 2015). 
1.3 Applications of geogrid materials 
Geogrid materials as one of the geosynthetic products are extensively used for stabilizing 
weak soils, subgrade and subbase layers beneath the geotechnical, railways, roadways and 
highways constructions (Ling and Liu 2001; Shanker and Suresha 2006; Tang et al. 2008; 
Abu-Farsakh and Chen 2011; Nair and Asha 2014; Abu-Farsakh et al. 2015; Abu-Farsakh et 
al. 2016, He et al. 2019, Wang et al. 2019). Sweta and Hussaini (2019) investigated the effect 




ballast-subballast and subgrade of rail truck interfaces. They reported that the geogrid 
increased the shear strength of ballast-subballast interface due to an increase of friction and 
dilation angles by about 24% and 65%, respectively. 
Several experimental and theoretical studies have been conducted on asphalt pavements 
reinforced with geogrid materials. These studies included Khodaii and Fallah (2009), Doh et 
al. (2009), Sobhan and Tandon (2011), Abdesssemed et al. (2015) and Zofka et al. (2017). 
These studies proved that geogrid materials could improve the ductile post-cracking 
behaviour and loading capacity of the asphalt pavements. In addition, Sobbar and Tandon 
(2011), Abdesssemed et al. (2015), Nandararam et al. (2016) investigated the effect of 
geogrid materials on the asphalt pavements. They reported that the geogrid materials succeed 
in reducing the permanent displacements and strains in the flexible pavements and in 
mitigating the reflective cracking in the asphalt overlays when reinforced with geogrid 
materials. 
The effect of geogrid materials on the behaviour of Portland cement concrete elements such 
as cylinders and prisms were studied. Meski and Chehab (2014) studied the flexural 
behaviour of concrete beams reinforced with different types of geogrid materials including 
uniaxial, biaxial and triaxial geogrid. They found that a triaxial geogrid type enhances the 
flexural strength of reinforced concrete beams. Wang et al. (2015) reported that the concrete 
cylinders confined with geogrid materials had a higher deformation resistance than the 
unconfined concrete cylinders. They also reported that geogrid materials improved the axial 




Siva and Agarwal (2014) and Siva and Agarwal (2015a) investigated the behaviour of 
prismatic and cylindrical specimens confined with one or two geogrid layers. Wang et al. 
(2015) studied the deformation capacity of cylindrical specimens confined with one, two and 
three polymer grid layers. They concluded that the geogrid could increase the compressive 
and flexural strength of concrete, along with the resistance of crack propagation which can be 
improved. On the same line, the effect of geogrid materials on the behaviour of Portland 
cement concrete pavements is experimentally investigated in this research study. 
1.4 Objectives of the research study 
The objectives of this research study are to comprehensively investigate the effect of geogrid 
materials as a reinforcement material on the performance of Portland cement concrete 
pavements when subjected to static and repeated loads and environmental conditions. The 
specific objectives of this research study are as follows: 
1. To study the effect of geogrid materials on the flexural behaviour of concrete pavements 
subjected to static loads. 
2. To study the influence of geogrid materials on the fatigue behaviour of concrete 
pavements reinforced with geogrid and subjected to cyclic loads. 
3. To investigate the effect of geogrid materials on the shrinkage behaviour of normal 
strength concrete reinforced with geogrid under ambient conditions. 
4. To assess the role of geogrid materials in reducing the drying shrinkage of high strength 
concrete under ambient conditions. 
5. To investigate the effect of geogrid materials on the drying shrinkage and thermal 




1.5 Scope of the research study 
The final outcomes of experimental results in this research study will have impact in 
constructing Portland cement concrete pavements. For economic, environmental and social 
reasons, geogrid materials can significantly improve the behaviour of concrete pavements 
against the traffic loads and the fluctuation of temperature and relative humidity. In addition, 
the geogrid materials are manufactured from mostly cheap raw materials, such as 
polypropylene. As a result, the costs of initial construction and rehabilitation of concrete 
pavements reinforced with geogrid materials may be lower than the concrete pavements 
reinforced with conventional steel. However, more studies are required to compare between 
the costs of the construction and rehabilitation of concrete pavements reinforced with geogrid 
materials or reinforced with conventional steel. Eventually, if the geogrid materials have been 
successful in promoting the performance of concrete pavements, this will result in developing 
the transportation networks by implementing more traffic roadways for various traffic loads 
and for different stiffness of subgrades. 
1.6 Layout of the thesis 
In addition to this chapter, Chapter one, this research study includes eight chapters. The 
contents of this thesis are briefly summarized in this section. 
In Chapter one, the general background of Portland cement concrete pavements, geogrid 





In Chapter two, the effect of geogrid materials on the flexural behaviour of concrete 
pavements tested under static loads at three different loading positions, which are: corner, 
edge and interior of the slab is presented. In Chapter two, an experimental program including 
test matrix, preparation of timber formworks and steel testing box, casting and curing of 
specimens are presented. The main experimental results and discussion are presented. 
In Chapter three, the influence of geogrid materials on the fatigue behaviour of concrete 
pavements subjected to cyclic loads is presented. Experimental program, test matrix, 
preparation of specimens for testing, setup of cyclic loading tests and regime of tests of cyclic 
loading are presented. Test results and discussion of the effect of geogrid materials on the 
fatigue behaviour of concrete pavements including flexural strength, fracture energy, crack 
mouth opening displacement and fatigue life are highlighted. 
In Chapter four, the influence of geogrid reinforcement on the flexural behaviour of cracked 
concrete pavements is investigated. Introduction, experimental program including properties 
of geogrids, test matrix and testing of specimens are shown. Experimental results of the effect 
of geogrid materials on the cracked concrete pavements are presented. 
In Chapter five, the effect of geogrid materials on the drying shrinkage performance of normal 
strength concrete is investigated. Experimental method, test matrix, preparation of specimens, 
plywood moulds and drying chamber are presented. Curing stages and testing of specimens 
under ambient conditions are highlighted. Collecting of test results is presented. 
In Chapter six, the influence of geogrid materials on the drying shrinkage behaviour of high 




preparation of high strength concrete and specimens are highlighted. Preparation of control 
environmental chamber is presented. Results and discussion in brief are listed. 
In Chapter seven, the effect of geogrid materials on the thermal expansion of reactive powder 
concrete is presented. Experimental program and preparation of reactive powder concrete are 
presented in this chapter. 
In Chapter eight, summary and the main conclusions of this research study are presented. In 
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Portland cement concrete pavements are mostly reinforced with traditional steel mesh or bars 
to provide the strength required to resist stresses caused by traffic loads. There are still few 
limitations restraining their use, such as concrete pavement overlays or resurfacing and 
related to chemical limitations such as concerns of steel corrosion (Tang et al., 2008). 
In this chapter, Chapter two, the effect of geogrid reinforcement on the flexural performance 
of Portland cement concrete pavements is studied. The tests were conducted through 
preparing six concrete slab specimens having the dimensions of 60 mm × 900 mm × 900 mm 
tested under a static load. The static loads were applied at three different loading positions; 
which were: corner, edge and interior of the slab. The ductility of specimens is the main study 






This paper presents results of an investigation of the effect of geogrid reinforcement on the 
flexural behaviour of concrete pavements. Six concrete slab specimens having dimensions of 
900 × 900 × 60 mm were prepared and tested. Three of the specimens were unreinforced and 
taken as references. The other three were reinforced with a triaxial geogrid layer located at 40 
mm from the top of the specimen. To support the specimens during the testing, two layers of 
recycled rubber having a side dimension of 900 mm and a 60 mm total thickness were used. 
According to the location of the applied load, the specimens were divided into three groups. 
Each group included two specimens (unreinforced and reinforced specimen). The specimens 
of the first group were tested by applying a load at the corner of the specimen. For the second 
group, the specimens were tested by applying a load at the edge of the specimen. The load 
was applied at the interior of the specimens for the third group. The monotonic test load was 
applied at a rate of 0.25 mm/min. Study parameters investigated in this study included the 
ductility, fracture energy and formation of cracks of the specimens. Test results obtained 
indicate that the flexural performance and cracking resistance of the concrete slab specimens 
reinforced with the geogrid can be improved. 
Author Keywords: Triaxial geogrid, Portland cement concrete pavements, Corner loading, 





Portland cement concrete pavements are mostly reinforced with traditional steel mesh or bars 
to provide the strength required to resist stresses caused by traffic loads. Although steel 
reinforcement provides a basic strengthening for concrete pavements, there are still few 
limitations restraining their use (Tang et al. 2008). Such restraints include construction 
limitations related to placing reinforcing steel bars in thin sections such as concrete pavement 
overlays or resurfacing and related to chemical limitations such as concerns of steel corrosion. 
In addition, alternative reinforcement materials such as fibre reinforced polymer bars, tendons 
and grids are on the rise as alternatives to steel reinforcement (Tang et al. 2008). 
Because of these limitations, several studies conducted for concrete elements reinforced with 
fibres such as steel, polypropylene, glass and nylon (Sorelli et al. 2006; Gupta et al. 2008; 
Boscato & Russo 2009; Rajeshkumar et al. 2010; Salehian et al. 2014; Yoo et al. 2015; 
Karahan et al. 2016). These studies illustrated that the fibre could enhance the ductility and 
the cracking resistance of concrete. For the concrete pavement application, several concerns 
that make using the fibers as the reinforcement materials are unfeasible. For example, during 
mixing the concrete ingredients with the fibers, it cannot easily get a uniform mixture. Also, 
the workability of fiber reinforced concrete mixture still concerns for contractors, especially at 
high fiber volume. 
Geogrid products which are considered one of the geosynthetic products are mainly used for 
strengthening subgrade and subbase layers beneath the pavements (Ling & Liu 2001; Shanker 




2016). Also, several experimental and theoretical studies have been conducted on asphalt 
pavements reinforced with the geogrid. They include Khodaii and Fallah (2004), Dohet al. 
(2009), Sobhan and Tandon (2011), Abdesssemed et al. (2015); Zofka et al. (2016). These 
studies proved that the geogrid could improve the ductile post-cracking behaviour and loading 
capacity of the pavements. 
Geogrid products have several structural advantages making them a potential alternative of 
steel reinforcement for Portland cement concrete thin sections under relatively light loading 
conditions (Tang et al. 2008; Arulrajah et al. 2014). These advantages include a high tensile 
strength and excellent chemical resistance. Also, the geogrid can provide further shear 
strength at the interface between the geogrid and the surrounding materials (Meski & Chehab 
2014; Siva & Agarwal 2014, 2015a, 2015b; Wang et al. 2015; Abdesssemed et al. 2015). 
Siva and Agarwal (2014) and Siva and Agarwal (2015a) investigated the behaviour of 
prismatic and cylindrical specimens confined with one or two geogrid layers. Wang et al. 
(2015) also studied the deformation capacity of cylindrical specimens confined with one, two 
and three polymer grid layers. They concluded that the geogrid could increase the 
compressive and flexural strength of concrete, along with the resistance of crack propagation 
which can be improved. 
The failure modes in term of formation of cracks in the Portland cement concrete pavements 
are different in comparison with other kinds of concrete elements. The concrete pavements 




effects. These effects often lead to cracking of concrete. As a result, the performance of 
concrete pavements is eventually degraded. 
In addition, the conditions of applied loads (traffic loads) and support of concrete pavements 
have a different impact on the failure modes created in the concrete. From these points, 
however, studying the behaviour of concrete pavements reinforced with the geogrid requires 
more investigation. 
For economic reasons, the Australian market shows that the cost of manufacture and 
installation of the geogrid products is cheaper than the traditional reinforcement materials. 
There is no need for extra cost for transporting and tying the geogrid ribs like the steel bars. 
So, the cost of supply and placement of the geogrid materials are often lower than the cost of 
traditional reinforcement. 
2.3 Objective of the study 
This study on geogrid reinforcement for Portland cement concrete focuses on the flexural 
performance of concrete pavements through preparing six concrete slab specimens tested 
under a monotonic load. A single layer of triaxial geogrid placed in the concrete specimens to 
provide tensile reinforcement in flexure. The ductility of specimens is the main study 




2.4 Properties of triaxial geogrid  
The triaxial geogrid which is one of the geosynthetic products was selected as a flexural 
reinforcement layer in this study. This is because their openings’ shape can provide the 
appropriate interlocking between the geogrid layer and the surrounding concrete. In addition, 
the triaxial geogrid proved that the tensile and shear strengths of concrete elements reinforced 
with this type of geogrid were improved in comparison with other geogrid types (Meski & 
Chahab 2014; Arulrajah et al. 2014). 
The triaxial geogrid used in this study was made from polypropylene composite materials 
(Maxwell et al. 2005). This product has triangular openings with a multi-directional structure. 
The ribs of the triaxial geogrid are connected at one point called node. The midrib depth and 
width of the ribs were 1.53 mm and 1.55 mm, respectively, with the length of 34 mm. 
In this study, two triaxial geogrid samples, which were differed in the direction of alignment 
of the ribs with respect to the direction of tensile test load, were prepared and tested. They 
were a Machine Direction sample (Sample MD) where the geogrid ribs are parallel to the 
direction of the tensile test load, Figure 2.1 (a), and a Cross Machine Direction sample 
(Sample CMD) where the geogrid ribs are perpendicular to the direction of the tensile test 





Figure  2.1. Triaxial geogrid. (a) Machine Direction (MD). (b) Cross Machine Direction 
(CMD). 
The mechanical properties of the triaxial geogrid samples were determined using Australian 
Standards (AS) 3704 (2005) and European Standard (EN ISO) 10319 (1996). All tests were 
conducted at the laboratories of the School of Civil, Mining and Environmental Engineering, 
University of Wollongong (UOW), Australia. The Instron 500-kN tension testing machine 
(Model of 8033) was used to test the geogrid samples. 
Two clamps made from steel plates were fabricated to clamp the samples during the testing. 
These clamps were fixed together with the geogrid samples using 12 bolts having a size of 
13M, as shown in Figure 2.2. 
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(All dimensions in millimetres) 
Figure  2.2. Testing triaxial geogrid samples. (a) The geogrid sample in the machine direction 
(MD). (b) The geogrid sample in the cross machine direction (CMD). 
All geogrid samples were prepared according to the EN ISO 10319 (1996) Standard. The 
length of Sample MD, which is defined as the initial distance between two reference points 
located on the sample parallel to the tensile test load, was 185 mm and for Sample CMD was 
130 mm. The width of Samples MD and CMD was 275 mm and 250 mm, respectively. 
Table 2.1 and Figure 2.3 present the test results of the triaxial geogrid samples. For Sample 
MD, the maximum tensile load was 5.2 kN, and the corresponding strain was 9.8%. For the 
same sample, the tensile strength per unit width was 18.82 kN/m. For Sample CMD, the 
maximum tensile load was 6.5 kN, and the corresponding strain was 13.34%. The tensile 
strength per unit width was 26.11 kN/m. 
Secant stiffness which is defined as the ratio of the tensile strength per unit width to the 
corresponding strain at a specified point on the curve was determined. The secant stiffness at 
10% of strain for Sample MD was 2.62 kN/m/strain%, and for Sample CMD was 2.20 













between Samples MD and CMD. This demonstrates the importance of the placing direction of 
triaxial geogrid when it is applied in the field. 
Table ‎2.1. Physical and mechanical properties of triaxial geogrid. 



















Aperture shape Triangular  
Rib pitch (mm) 
40 Longitudinal × 40 
Diagonal 
measured by digital 
vernier calliper 
MidRib depth (mm) 1.53 
MidRib width (mm) 1.55 
Rib length (mm) 34 














Nominal gauge length, MD*/CMD**
 
(mm) 185/130 
determined using AS 
3704-2005 and EN 
ISO 10319:1996 
Specimen width, MD/CMD (mm) 275/250 
Maximum tensile load, MD/CMD (kN) 5.2/6.5 
Strain at maximum tensile load, MD/CMD (%) 9.80/13.34 
Tensile strength, MD/CMD (kN/m) 18.82/26.11 
Tensile strength at 2% strain, MD/CMD (kN/m) 7.0/7.0 
Tensile strength at 5% strain, MD/TD (kN/m) 12.7/13.0 
Secant stiffness 
(kN/m/strain %) 
at 2% strain MD/CMD 3.50/ 2.50 
at 5% strain MD/CMD 
1.70/ 3.44 
at 10% strain MD/CMD 
2.62/2.20 
*
MD is Machine Direction of the triaxial geogrid. 
**






Figure  2.3. Tensile loads versus strain of triaxial geogrid samples in the machine direction 
(MD) and cross machine direction (CMD). 
2.5 Experimental program 
2.5.1 Test matrix 
Table 2.2 and Figure 2.4 present the details of the test matrix and the configurations of 
unreinforced and geogrid reinforced concrete specimens. Six concrete slab specimens were 
prepared and tested under a monotonic load. One specimen was tested for each loading 
position. The number of specimens selected in this study is to simulate the test conditions of 
study conducted by Hammons (1998). He investigated the behaviour of concrete pavements 
with one specimen for each case of the loading positon with keeping the side dimension to 


























Table ‎2.2. Test matrix. 















Edge UE None 




900 × 900 × 60 
Triaxial geogrid 
Edge GE Triaxial geogrid 
Interior GI Triaxial geogrid 
 
   
(a)  (b)  (c)  
   
(d)  (e)  (f)  
(All dimensions in millimetres) 
Figure  2.4. Configurations of concrete slab specimens. (a) Specimen UC. (b) Specimen UE. 
(c) Specimen UI. (d) Specimen GC. (e) Specimen GE. (f) Specimen GI. 
Monotonic loading was selected for testing the specimens. This is it is in line with findings 
Hammons (1998), where monotonic loading is recommended for thin sections. In addition, 
several experimental studies, which aimed to study the behaviour of concrete pavements 
under cyclic loads, were conducted with concrete specimens having a thickness of more than 
150 mm (Graff et al. 2012; Breitenbuech & Kunz 2013). 
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The specimens were tested at a rate of 0.25 mm/min. This rate was selected to correspond to 
the deflection that occur at the loaded area of a plain concrete pavement having a side 
dimension to thickness ratio greater than or equal to 15 and subjected to a load of 20 kN 
(Austroads 2004). This ratio is satisfied with the field dimensions of rigid pavements listed in 
Austroads (2004) for a thickness of concrete pavements ranging between 125 to 180 mm and 
a side dimension between 1875 to 2700 mm. Also, the ratio is in line with conducted studies 
achieved by Hammons (1998) and Ruiz-Ripoll et al. (2016).  
In addition, the test load process adopted here complied with the design assumptions of 
concrete pavements adopted by Portland Cement Association (Hammons 1998). 
According to the location of the applied load, the specimens were divided into three groups. 
Each group included two specimens (unreinforced and reinforced specimen). The specimens 
of the first group were tested by applying the load at the corner of the specimen, along the 
corner bisector, as shown in Figure 2.9 (a) and (d). For the second group, the specimens were 
tested by applying the load at the edge of the specimen. The load was applied at the interior of 
the specimens for the third group.  
All specimens had the dimensions of 900 × 900 × 60 mm. These dimensions were adopted to 
mimic as much as possible the flexural behaviour of concrete pavements and also to be 
suitable for testing conditions available in the laboratory. 
The concrete slab with a thickness of 60 mm was selected after many calculations made using 
Westergaard’s formulae (Haung 2004) within uncracked concrete conditions. A single tyre 




from the design requirements of rigid pavement which are reported by Austroads (2004). The 
dimensions of slab specimens that were selected and tested in this study were 900 × 900 × 60 
mm. 
Three of the specimens were unreinforced and taken as references. The other three specimens 
were reinforced with a triaxial geogrid layer located at 40 mm from the surface of specimens.  
The location of the geogrid layer was selected to be within the tension zone of the slab 
specimen. In this study, the tension zone was below the neutral axis, which is 30 mm below 
the surface. Also, providing a 20 mm concrete cover under the geogrid layer is adequate for 
aggregates with a maximum size of 10 mm. 
Placing the geogrid at 40 mm below the surface is correct for the edge and interior loading 
position. For the corner loading position, the tension zone of the concrete slab generates at the 
upper part of the slab. Keeping the geogrid layer at same location was to simulate to what 
practically happens in the field. In which the geogrid reinforcement layer is placed at the same 
level of the rigid pavements for all kinds of loading. 
The labelling of unreinforced and geogrid reinforced concrete specimens are summarised in 
Table 2.2. The first letter in the label is Unreinforced concrete specimens (U) (references) and 
Geogrid reinforced concrete specimens (G). The second letter in the label refers to the 
location of the applied load, which are: Corner, Edge, and Interior, labelled as “C”, “E”, and 
“I”, respectively. For example, Specimen GC refers to the specimen which was reinforced 




Two layers of recycled rubber having the dimensions of 900 mm by 900 mm with a 60 mm 
total thickness were used to support the specimens during the testing. This is to simulate the 
subbase layer. Figure 2.5 shows the dimensions of the recycled rubber. 
 
(All dimensions in millimetres) 
Figure  2.5. Dimensions of the recycled rubber. 
2.5.2 Preparation of timber formworks and steel testing box 
Six timber formworks were prepared in this study for moulding the concrete slab specimens, 
as shown in Figure 2.6. The inside dimensions of formworks were 900 × 900 × 60 mm. 
For reinforced specimens, the walls of the formworks consisted of two parts: bottom and top 
part. As shown in Figure 2.6 (b), the height of the bottom part was 20 mm, and the height of 








(All dimensions in millimetres) 
Figure  2.6. Timber formworks for (a) Unreinforced concrete specimens. (b) Geogrid 
reinforced concrete specimens. 
A steel box was designed and fabricated in this study to support the subbase and the concrete 
specimens during the testing. This box was made from steel plates and had inside dimensions 
of 900 × 900 × 120 mm. The walls of the box were made from steel plates and had a cross 
sectional area of 8 × 120 mm. The base of the testing box had the dimensions of 916 × 916 × 
6 mm. Two opposite walls were welded to the base. The other two opposite walls were fixed 
using eight 13M bolts and nuts. Figure 2.7 shows a photo of the steel testing box and details 
of its dimensions. 
Bottom part of wall 












(All dimensions in millimetres) 
Figure  2.7. Steel testing box. 
2.5.3 Casting and curing specimens  
All specimens were cast on the same day using ready-mixed concrete. The concrete was mix 
with Ordinary Portland cement (Type general purpose), crushed stone aggregates (maximum 
size of 10 mm) and coarse and fine sand. 
The concrete was also mixed with two kinds of supplementary cementitious materials, which 
were fly ash and ground granulated blast-furnace slag (GGBS). To provide adequate 
workability for the mix, a water-reducing admixture (WRDA-PN20) was added. The water to 
cement ratio adopted in this concreter mixture was 0.45. Table 2.3 lists details of the concrete 
ingredients. 
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169 68 102 820 332 664 1525 153.5 0.45 
A table vibrator was used to compact the concrete inside the timber formworks, with a 
frequency of 50 Hz. This technique had successfully achieved the purpose by providing a 
uniform thickness of concrete surrounding the geogrid layer. This was proved through 
checking the bottom surface of the reinforced specimens visually before the test and 
measuring the thickness of the concrete cover after the test, as shown in Figure 2.8. 
  
Figure  2.8. Checking the appearance of the concrete cover of geogrid reinforced concrete 
specimens. (a) Before testing. (b) After testing. 
The specimens were cured after 24 hrs from the casting and continued for 28 days. The curing 
process was conducted by gathering all the specimens at the same place in the laboratory. 






During the curing process, the specimens were covered with two hessian blankets to prevent 
or reduce losing moisture from the concrete. In addition, two layers of plastic sheets were 
used to cover the specimens. This was to minimise the influences of ambient air. The 
specimens with the hessian covers were wetted using clean water until the curing time 
finished.  
2.5.4 Preparation of specimens for testing 
The configuration of the specimens prepared for testing is shown in Figure 2.9 (a) to (c). 
Linear Variable Displacement Transducers (LVDTs) were used to measure the deflection of 
the specimens at the specified positions, as shown in Figure 2.9 (d) to (f). These positions 
were selected to monitor the behaviour of specimens during the testing. 
In total, 22 LVDTs were used. For the specimens where the load was applied at the corner, 
four LVDTs were installed and placed alongside the loading position. The first one (L1) was 
located at a distance of 200 mm from the edge of the specimen. The remaining three LVDTs 
were distributed at 145 mm along the side of the specimens. In addition, two LVDTs were 
installed at the two other corners, at a distance of 100 mm from each edge of the specimen, as 
shown in Figure 2.9 (d). 
For the specimens which were tested under the edge loading, six LVDTs were used and 
placed at two crossing lines, closer to the loading position. The LVDT L4 was located at a 215 
mm distance from the loading edge of the specimen. The other LVDTs were positioned at the 
spacing, between 120 to 155 mm, as shown in Figure 2.9 (e). Also, two additional LVDTs 




Six LVDTs were placed at a straight line close to the loading position for the third specimens 
tested under interior loading. The LVDT L1 was located at 120 mm from the edge of the 
specimen. The distances between the LVDTs were 100 mm. In addition, two LVDTs were 
placed at the other corners, at a distance of 100 mm from the specimen’s edge, as shown in 
Figure 2.9 (f). All LVDTs were clamped using two square hollow steel bars held by two G-
clamps.  
   
(a) (b) (c) 
   
(d) (e) (f) 
(All dimensions in millimetres) 
Figure  2.9. Pictures and configuration of unreinforced and geogrid reinforced concrete 
specimens. (a) Corner loading configuration. (b) Edge loading configuration. (c) 
Interior loading configuration. (d) LVDTs locations of the corner loading. (e) 







































































































Two layers of recycled rubber each having a thickness of 30 mm and a side dimension of 900 
mm were used to support the concrete specimens during the testing. These layers were placed 
inside the test box followed by the concrete slab without any bonding, as shown in Figure 
2.10. 
  
(a) Recycled rubber preparation. 
(b) Two recycled rubber layers beneath 
specimen. 
(All dimensions in millimetres) 
Figure  2.10. Recycled rubber. (a) Preparing two layers of recycled rubber. (b) Placing two 
layers of recycled rubber beneath the specimen. 
The modulus of subgrade reaction (k) of the recycled rubber was required for calculating the 
bending stresses of the specimens. This was determined by testing a sample of recycled 
rubber having a surface area of 152 × 152 mm with a thickness of 24 mm. The instron testing 
machine (Model of 8033) was used to conduct this test. During the testing, the compressive 
applied loads with the corresponding displacements were recorded. According to the test 






The compressive strength of concrete was determined by testing three standard cylinders 
having a diameter of 100 mm and a height of 200 mm. These tests were carried out at the age 
of 28 days of concrete. The average compressive strength of concrete was 29 MPa. Based on 
AS 3600 (2009) and for the normal strength concrete, the Poisson’s ratio and modulus of 
elasticity of the concrete were assumed to be 0.2 and 25.83 GPa, respectively. 
The flexural strength of concrete was also calculated by testing three concrete prisms having 
the dimensions of 150 × 150 × 500 mm at the age of 28 days (AS 1012.11 2000). These tests 
showed that the flexural strength of concrete was 4.28 MPa. 
During the testing, four steel strips were fixed around the perimeter of the testing box. This is 
to support the concrete slab. These strips had a cross section area of 3 × 8 mm with a length of 
900 mm, as shown in Figure 2.9. 
High strength plaster was used for capping the position of the loading of the specimen surface 
with a circular area of a 140 mm diameter. This material helps in providing a smooth level 
surface for the face of the loading piston. Thus, this ensures the stresses will be distributed 
uniformly. 
The surface of the specimens was marked through drawing straight lines in two directions. 
This facilitated monitoring and evaluating the cracks that formed in the specimen. Four G-
clamps were used to completely fix the steel testing box with the supports during applying the 
load. All the LVDTs lead wires were connected to the computer to record the deflections 
during the testing. A circular steel desk having a 140 mm diameter was prepared and placed 




2.6 Experimental results and discussion 
2.6.1 Test results 
All concrete slab specimens were tested by applying a displacement controlled load at a rate 
of 0.25 mm/min. The 2.5 mm of surface crack width which was measured by a standard ruler 
edge with an accuracy of 0.5 mm was considered as the failure criterion (O'Flaherty 2005). 
This criterion was adopted to provide enough time for monitoring formation of cracks in the 
concrete specimens during the testing. 
Table 2.4 presents the test results of unreinforced and geogrid reinforced concrete specimens. 
In this table, the total applied load of unreinforced specimens (Pref.) and reinforced specimens 
(PAL) are presented. Also, the deflections of unreinforced specimens (ref.) and reinforced 
specimens (AL) occurred at the centre of the loaded area are listed in this table. In this study, 
the positive sign was assumed when the slab is deflected downwards. While the negative sign 
is assumed when the slab is deflected upwards. 
The increase of load-carrying capacity of the reinforced specimens compared with the 
unreinforced specimens was calculated using the expression of [{(PAL/Pref.)-1} ×100], as shown 
in Table 2.4. 
The ductility of the tested concrete specimens is one of the investigated parameters in this 
study. It is defined as the ability of the specimen to resist the applied load from the start of 
loading until a 2.5 mm surface crack width occurred. It was determined by calculating the 








Figure  2.11. Corner, edge, and interior applied load versus deflection at the loaded area of 
unreinforced and geogrid reinforced concrete specimens. (a) Specimens UC and 


































































































Fracture energy  
(%) 
UC 17.0 ------ 15 ------ ------ ----- 7 
UE 21.0 ------ 14 ------ ------ ------ 12.6 
UI 96.0 ------ 32 ------ ------ ------ 31.4 
GC ------ 20 ------ 14 17 10 8.2 
GE ------ 24 ------ 15 14 12 14.4 
GI ------ 150 ------ 33 56 35 49.05 
Pref. and PAL are the total applied loads of unreinforced and geogrid reinforced concrete specimens, respectively, 
at a 2.5 surface crack width occurred. ref. and AL are the deflection of unreinforced and geogrid reinforced 
concrete specimens at the centre of the applied load, respectively, at a 2.5 surface crack width occurred.  
The fracture energy, which is defined as the energy required to form the microcracks in the 
concrete, was calculated according to BaŽant and Kazemi (1990). In this study, the fracture 
energy was determined per slab thickness of 60 mm per unit extension of the crack length for 
the edge and interior loading position, as shown in Figures 2.14 and 2.17. It was determined 
by considering the area of the applied load versus displacement curve as the required fracture 
energy before cracking the concrete. 
The evaluation of these findings is discussed, along with the observation of initiation and 
propagation of cracks. 
2.6.2 Corner loading 
Figure 2.11 (a) presents the curves of corner applied load versus deflection that occurred at 
the centre of the loaded area for Specimens UC and GC. During the load application, the 
maximum applied load of Specimen UC (reference) was 17 kN, as listed in Table 2.4. While 
for Specimen GC, the total load was 20 kN. This achieved an increase in the ductility for 




Figure 2.12 shows the deflection profiles and crack map of Specimens UC and GC, along 
LVDTs L1 through L4. The maximum deflection that occurred for Specimen UC was 8 mm at 
a distance of 200 mm from the edge of the specimen. While for Specimen GC, the maximum 
deflection was 6.5 mm at the same location. 
 
 
Figure  2.12. Deflection of Specimens UC and GC at the position of LVDTs for L1 through L4. 
Upward deflection took place during the testing of Specimen UC. This means that the surface 
level of Specimen UC lifted up higher than its original horizontal level. While for Specimen 
GC, the results of deflection illustrate that the original level of Specimen GC remained 
downwards. 
According to the observations, for Specimens UC and GC, major crack propagation was 
extended around the corner loading position, as shown in Figure 2.13. After that, Specimens 





















Corner applied load  






























(a) Specimen UC (b) Specimen GC 
Figure  2.13. Failure modes of corner loading. (a) Unreinforced concrete Specimen UC. (b) 
Reinforced concrete Specimen GC. 
Finally, Specimen UC completely split into two segments. While for Specimen GC, it was 
still joined despite the specimen being fully cracked.  
According to the test results of corner loading, the ductility and resistance of formation of the 
cracks were slightly improved for the specimens reinforced with geogrid.  
The bending stresses generated due to the corner loading were resisted by the geogrid layer. 
This resulted in increasing the carrying-capacity of the geogrid reinforced concrete specimen 
by about 15% compared with the references. 
Also, the time required to cause a 2.5 mm crack width was increased by about 10% of the 
total testing time for the geogrid reinforced concrete specimen. This increase reflects the 
feasibility of using the geogrid as a crack-formation restraining layer in concrete pavements. 




2.6.3 Edge loading 
The edge applied load versus deflection curves of Specimens UE and GE are presented in 
Figure 2.11 (b). At the surface crack width of 2.5 mm, the applied load was 21 kN for 
Specimen UE. For Specimen GE, the total load was 24 kN. This increase achieved 
improvement in the ductility of Specimen GE by about 12% more than Specimen UE. Also, 
the fracture energy of Specimen GE is greater than Specimen UE by about 14%, as shown in 
Figure 2.14. Table 2.4 reports test results for Specimens UE and GE. 
 
Figure  2.14. Fracture energy versus percentage of fracture loads for unreinforced and geogrid 
reinforced slab specimens, Edge loading. 
The ductility and fracture energy of the geogrid reinforced concrete specimen were improved. 
This is due to the geogrid layer, which was embedded in the tension zone of the concrete 



























The improvement of flexural behaviour of the concrete specimen reinforced with the geogrid 
comes from the layer of geogrid working as a bridge layer. This layer acts to transfer the 
tensile stresses between both tips of the formed cracks. 
Two structural properties in the geogrid can encourage using the geogrid as the flexural 
reinforcement in the concrete pavements. These include the high tensile strength and being 
adequate bonded with the surrounding concrete. As a result, the performance of concrete 
pavements reinforced with the geogrid can be at the acceptable level during the whole of 
design stage. 
The deflection profiles and crack map of Specimens UE and GE are shown in Figure 2.15. 
The results of the deflection were collected using two sets of LVDTs, which were L1, L2 to L3 
and L1, L4, L5 to L6. From Figure 2.15 (a), the deflection of Specimens UE and GE was 2.0 
mm and 1.5 mm, respectively, at the location of LVDT L1, which is located at the edge of the 
loading of the specimen. This achieved an increase in the load resistance of Specimen GE by 
about 25% more than Specimen UE at the same location. While the deflection of Specimen 
UE at the locations of LVDTs L2 and L3 was lower than of Specimen GE by about 15% more. 
For the second set of LVDTs, from L1 to L6, the deflection of specimen GE was lower than 
Specimen UE by about 19%. Except for the deflection value, which was recorded by LVDT 







Figure  2.15. Deflection of Specimens UE and GE at the position of LVDTs. (a) For L1, L4, L5, 
and L6. (b) For L1, L2, and L3. 
These unregulated deflection results of Specimens UE and GE, which were recorded by 
LVDTs, illustrate that, studying the flexural behaviour of concrete pavements reinforced with 
geogrid and tested under edge loads should be conducted by taking the effect of dowel and tie 
bars with the adjacent slabs. 
The failure modes of Specimens UE and GE were different as shown in Figure 2.16. In 
general, the geogrid was able to delay and shift formation of cracks in the concrete. For 
Specimen UE, two cross lines of cracks were formed and extended in the concrete (Figure 












































































position.  The second one was parallel to the boundary of the loading position. These crack 
lines finally led to separating the specimen into almost four equal segments. 
For Specimen GE, the main crack line propagated parallel to the boundary of the loading 
position (Figure 2.16 (b)). After stopping the testing and lifting Specimen GE from the testing 
box, there was another microcrack line which extended perpendicular to the main crack line. 
  
(a) Specimen UE (b) Specimen GE 
Figure  2.16. Failure modes of edge loading. (a) Unreinforced concrete Specimen UE. (b) 
Reinforced concrete Specimen GE. 
The cracks in the concrete pavements are considered of one of the main defects which 
eventually lead to deteriorate the performance of rigid pavement. During the design stage of 
concrete pavement, the aim of the design of the concrete pavements is mainly how to keep the 
width of cracks in the concrete tightly closed for a long time. 
During the monitoring the test, the formation of cracks in the geogrid reinforced concrete 
specimen took a long time, about 21%, before the 2.5 mm crack width, failure criteria, took 
2.5 mm crack perpendicular width 
2.5 mm crack l width 




place. This increase in the testing time illustrates the feasibility of using the geogrid as a 
crack-propagation resisting layer. 
As shown in the crack map of the concrete specimen, as shown in Figure 2.15, a one crack 
line clearly formed in the concrete specimen reinforced with the geogrid compared with the 
two crack lines that formed in the unreinforced concrete specimen. This emphasises the role 
of the geogrid in improving the resistance of the concrete pavement against the formation of 
cracks. 
2.6.4 Interior loading 
For Specimens UI and GI, Figure 2.11 (c) shows the interior applied load versus deflection 
curves at the loaded area. Where the failure occurred (2.5 mm surface crack width), the 
maximum applied load was 96 kN for Specimen UI. For Specimen GI, the load was 150 kN 
load. This attained an increase in the ductility of Specimen GI by about 35% more than 
Specimen UI. The fracture energy of Specimen GI was increased by about 36% in 





Figure  2.17. Fracture energy versus percentage of fracture loads for unreinforced and geogrid 
reinforced slab specimens, Interior loading. 
For the interior loading test, the effect of geogrid reinforcement in improving the ductility and 
fracture energy of concrete slab specimen was clearly revealed. This is due to the high 
proportion of the geogrid layer embedded in the concrete slab contributed in resisting the 
tensile stresses. In addition, the triaxial geogrid having ribs arranged in multi-direction 
provides a radial tensile strength at all directions of the slab. 
This is why the percentage of the improvement of the ductility and fracture energy of the 
geogrid reinforced concrete specimen is higher than the other kinds of loading positions. 
The deflection and crack map of Specimens UI and GI monitored from LVDTs (L1 through 
L6) are shown in Figure 2.18.  According to the reading of LVDT L1 located at a distance of 
120 mm from the edge of the specimen, the recorded deflection was 9 mm for Specimen UI 
and 6 mm for Specimen GI. In the same figure (Figure 2.18), it can be seen that the surface 


























While for Specimen UI, the surface level of the specimen lifted from its original datum by 
about 12 mm compared with the datum of Specimen GI. 
 
 
Figure  2.18. Displacement of Specimens UI and GI at the position of LVDTs for L1, L2, L3, 
L4, L5, and L6. 
In this loading case, for Specimen UI, the first failure led to the fracture of the concrete 
specimen occurred at a distance of 125 mm from the centre of the loading position. While for 
geogrid reinforced concrete specimen (Specimen GI), the geogrid layer acted as a bridging 
layer in distributing the tensile stresses and kept the specimen to deflect regularly. 
Formation of cracks that occurred in this loading case can be grouped into two categories, as 
pictured in Figure 2.19. The first group of cracks was initiated and propagated radially 
outwards from the centre of the loaded area towards the corners and edges of the specimens. 
This type of cracks mostly occurred in Specimen UI, as shown in Figure 2.19 (a). In the 
second group, the cracks were extended as a curve around the load position. This type of 
cracks completely took place in Specimen UI and partly in Specimen GI, as shown in Figure 
2.19 (a) and (b), respectively.  At the end of the testing, few microcracks were observed in 
Specimen GI and radially extended towards the edges of the specimen. 
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(a) Specimen UI (b) Specimen GI 
Figure  2.19. Failure modes of interior loading. (a) Unreinforced concrete Specimen UI. (b) 
Reinforced concrete Specimen GI. 
According to the observations of formation of cracks in the geogrid reinforced concrete 
specimens, the geogrid can be an intercepting layer against the formation and propagation of 
cracks in the concrete. The cracks were distributed in multi-directions and within a wide area. 
Also, the cracks propagated by following longer paths towards the surface and depth of the 
specimen. As a result, the test time required to form a 2.5 mm crack width in the concrete was 
longer, by about 27%, in comparison with the reference specimen. 
For all loading positions, the geogrid proved that it can improve the flexural behaviour of 
concrete pavements due to increasing the ductility and fracture energy of the pavement. Also, 
it can keep the serviceability index of the pavement at the acceptable level for a long time due 
to maintaining the width of cracks small for a long time. 
The improvement of forming resistance of cracks in the geogrid reinforced concrete 
pavements leads to reducing the funds required for the maintenance of the concrete pavements. 
In addition, according to the Australian market, the cost of manufacture and installation of the 
Radial cracks 





geogrid is lower than the cost required for traditional reinforcement materials. As a result, the 
geogrid can be a feasible alternative reinforcement material for the rigid pavement 
applications. 
2.7 Conclusions  
Six concrete slabs, three unreinforced and three reinforced with a triaxial layer, were tested 
under static loads at three different loading positions: corner, edge and interior of the 
specimen. The test results obtained illustrated that geogrid could improve the flexural 
performance and cracking resistance of the concrete pavements with keeping the side 
dimension to thickness ratio greater than or equal to 15, more field investigations are required 
for concrete slabs reinforced with one or two geogrid layers and tested under different 
dimension and support conditions. Based on the obtained test results of testing the six slabs, 
the following conclusions are drawn: 
1. The experimental observations proved that the geogrid reinforcement could contribute to 
delaying the initiation and propagation of cracks in the concrete, as well as, failure 
modes are significantly affected by the geogrid before the failure takes place. 
2. The side dimension to thickness ratio of slab specimens adopted in this study reflects the 
behaviour of Portland cement concrete pavements having a thickness between 125 and 
180 mm and a side length between 1875 to 2700 mm. 
3. The fracture energy and ductility of concrete pavements could be improved when 
reinforcing the concrete pavements with geogrid. So, the geogrid can be considered to 




4. The geogrid is characterised with high resistance to the tensile stress and corrosion. As a 
result, the geogrid can be a feasible alternative for steel reinforcement or they can be 
used as a secondary reinforcement to reduce shrinkage cracks. 
5. The geogrid is manufactured from the geosynthetic materials, which are characterised 
with high resistance of corrosion. So, the cost of maintenance of the concrete pavements 
is reduced. 
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Six concrete slab specimens, three unreinforced and these reinforced with triaxial geogrid 
were tested under static loads at three different loading positions: corner, edge and interior of 
the slab specimens. A crack width of 2.5 mm was taken as a failure criterion to stop the 
testing and evaluate the results. The test results obtained illustrated that geogrid materials 
could improve the flexural performance and cracking resistance of the concrete pavements.  
The next chapter, Chapter three, the effect of geogrid materials on the flexural behaviour of 
concrete pavements under cyclic loads are presented. Experimental program, test matrix and 
preparation of concrete specimens are presented in the next chapter. The process of casting 
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Concrete pavements are designed to resist thousands of cyclic loads (wheel loads) every day. 
Cracks are initiated and gradually propagate in multi-directions in concrete pavements 
(Toumi et al. 1998; Lee & Barr 2004). Distribution of cracks in multi-directions in the 
concrete pavements can lead to a rapid degradation of the flexural strength of the concrete 
pavements. In addition, the propagated cracks in the concrete pavements accelerate corrosion 
of traditional steel reinforcement bars. As a result, the flexural strength of the steel reinforced 
concrete pavements against the cyclic loads noticeably deteriorates (Li and Matsumoto 1998; 
Sain and Kishen 2008). 
The triaxial geogrid was used in this study as a fatigue resisting material of concrete 
pavements tested under cyclic loads. The experiment was conducted by testing fifteen-
notched concrete specimens reinforced with a single or a double triaxial geogrid layer. The 
notched concrete beam specimens were tested with increasing the maximum cyclic loads until 
the specimens completely failed. 
This chapter presents the test results of concrete beam specimens either unreinforced, 
reinforced with a single layer or reinforced with a double layer of triaxial geogrid. The 
concrete beam specimens were tested under cyclic loads up to failure. The properties of 





This paper investigates the effect of geogrid reinforcement on the flexural fatigue behaviour 
of concrete pavements subjected to cyclic loads. Fifteen-notched concrete beam specimens 
with the dimensions of 150 × 150 × 550 mm (5.91 × 5.91 × 21.65 in.) were either 
unreinforced, reinforced with a single or a double geogrid layer. The geogrid was placed at a 
depth of 55 mm (2.17 in.) from the bottom of the specimen. The specimens were tested under 
cyclic four-point bending loads at a frequency of 7 Hz. Test results illustrate that significant 
improvement was achieved in the flexural strength and fracture energy of the concrete 
specimens reinforced with geogrid. Geogrid reinforced concrete specimens exhibited a high 
resistance of the crack mouth opening displacements. Reinforcing concrete specimens with a 
double geogrid layer significantly prolong the cyclic life of the specimens. An equation for 
designing concrete pavements subjected to cyclic loads was developed. 
3.2 Introduction 
Concrete pavements and deck slabs of bridges are designed to resist several thousands of 
cyclic loads (wheel loads) every day. Cracks are initiated and gradually propagate in multi-
directions in concrete pavements (Toumi et al. 1998; Lee & Barr 2004). Distribution of cracks 
in multi-directions in the concrete pavements can lead to a rapid degradation of the flexural 
strength of the concrete pavements. In addition, the propagated cracks in the concrete 
pavements accelerate corrosion of traditional steel reinforcement bars. As a result, the flexural 
strength of the steel reinforced concrete pavements against the cyclic loads noticeably 




Several experimental studies have been conducted to investigate the effect of cyclic loads on 
the mechanical properties of concrete members (Zhang and Stang 2001; Chen et al. 2011; 
Graeff et al. 2012; Brake & Chatti 2012; Vishwakarma & Ingle 2017). These studies illustrate 
that cracks could be created and extended in the concrete after a few thousands of applied 
cyclic loads. Toumi et al. (1998), Breitenbücher and Ibuk (2006), Breitenbücher and Kunz 
(2013) and Maitra et al. (2014) reported that, after a few cyclic loads, the compressive 
strength, splitting tensile strength and the stiffness of the concrete members could 
significantly be deteriorated. In addition, the dynamic modulus of elasticity of the concrete 
members subjected to cyclic loads could be decreased by about 10 to 15% (Breitenbücher & 
Kunz 2013). 
Different kinds of fibres have been assessed as a fatigue resisting material of concrete 
elements subjected to cyclic loads. Singh et al. (2005) studied the fatigue behaviour of 
concrete beams reinforced with mixed steel fibres and tested under flexural cyclic loads. They 
reported that using 1% by volume fraction of steel fibres gives the best fatigue performance of 
concrete. Parvez and Foster (2014), Mou et al. (2012) and Singh et al. (2008) reported that 
steel fibres could prolong the fatigue life of concrete by reducing the stress level in the tensile 
reinforcement. Parvez and Foster (2014) demonstrated that smaller deflections and smaller 
crack widths than that of control specimens were formed. 
Graeff et al. (2012)
 
and Achilleos et al. (2011) studied the fatigue behaviour of conventional 
and roller compacted concrete roads reinforced with recycled steel fibres and tested under 
cyclic three-point bending loads. They found that the recycled steel fibres could improve the 









Graeff et al. (2012)
 
for the polyacrylonitrile fibres. 
The flexural fatigue strength of concrete reinforced with steel fibres is considerably affected 
by characteristics of the concrete and the fibres such as the properties of concrete mix, the 
percentage of fibre content and the type and the geometry of fibres (Chang & Chai 1995). 
Degradation of the bond between the fibres and the concrete can result in fracture failure of 
concrete (Lee & Barr 2004; Li & Mastsumoto 1998).
 
Graeff et al. (2012)
 
illustrated that the 
mechanical and durability properties of concrete reinforced with high volumes of steel fibre 
contents is possibly decreased. This is because the high volumes of steel fibre contents 
increase the percentage of voids and pores in the concrete, which, as a result, lead to 
deteriorating the performance of concrete. Moreover, Graeff et al. (2012), Neocleous et al. 
(2011), Pilakoutas et al. (2004) and Olivito and Zuccarello (2010) reported that the steel fibres 
have high costs compared with the conventional reinforcement materials in mixing and 
pouring the concrete reinforced with high contents of steel fibres. 
Geogrid was used in this study as a fatigue resisting material of concrete pavements subjected 
to cyclic loads. The geogrid is utilized for stabilizing weak soils (Abu-Farsakh & Chen 2011). 
Recent studies have been carried out in assessing the effect of geogrid reinforcement on the 
behaviour of concrete elements such as cylinders and prisms (Tang et al. 2008; Siva 
Chidambaram & Agarwal 2014; Meski & Chehab 2014; Wang et al. 2017). The conclusions 
of these recent studies demonstrated that the geogrid reinforcement could improve the load-




Al-Hedad and Hadi (2017) and Al-Hedad and Hadi (2018)
 
recently investigated the flexural 
behaviour of concrete pavements reinforced with triaxial geogrid by testing concrete slab 
specimens under static loads at three loading positions: corner, edge, and interior of the slab. 
They reported that the geogrid reinforcement could improve the load capacity of concrete 
pavements. In addition, the geogrid reinforcement significantly resists the post-propagated 
cracks in the concrete pavements. 
The properties of geogrid encourage using this material as a fatigue resisting material for 
concrete pavements and deck slabs of bridges. These properties include an excellent 
resistance to corrosion and have high tensile strength. In addition, the geogrid products are 
mostly manufactured from materials which are mostly available in the local areas. As a result, 
the cost of reinforcing the concrete pavements with geogrid products is often low compared 
with the conventional reinforcement materials (Siva Chidambaram & Agarwal 2015). 
The review of literature illustrates that the performance of concrete elements reinforced with 
steel fibres and subjected to cyclic loads could be adversely affected because of increasing the 
pores and voids in the concrete which may decrease the durability of concrete after a short 
service time. In this study, geogrid, which is considered as one of the geosynthetic products, 
was suggested as a fatigue resisting material for the concrete pavements and deck slabs of 
bridges. This is a need for this study as it proposes a technique to prolong the life of concrete 




3.3 Research significance 
In this study, the geogrid is used as a fatigue resisting material of the concrete pavements. As 
expected, the geogrid reinforcement can improve the mechanical properties of concrete 
pavements through improving the flexural strength and fatigue life of the concrete pavements. 
In addition, the long-term durability and functionality of the concrete pavements can be 
improved due to resisting propagation of cracks in the concrete reinforced with geogrid. 
3.4 Experimental program 
The triaxial geogrid was used in this study as a fatigue resisting material of concrete 
pavements tested under cyclic loads. The experiment was conducted by testing fifteen-
notched concrete specimens reinforced with a single or a double triaxial geogrid layer. The 
notched concrete specimens were tested with increasing the maximum cyclic loads until the 
specimens completely failed. 
3.4.1 Properties of geogrid 
Triaxial geogrid (TG) made from polypropylene composite materials was used, as shown in 
Figure 3.1, (Koerner 2012). The triaxial geogrid is characterized with a uniform tensile 
stiffness and strength distribution compared with other opening shapes of geogrid (Meski & 
Chehab 2014; Dong et al. 2011). The TG used in this study had equilateral triangular 
openings with a side length of 46 mm (1.81 in.) measured from the centre to centre of nodes. 




measured at the middle of the ribs (midrib). The diameter and thickness of nodes were 10.0 
mm (0.39 in.) and 4.0 mm (0.16 in.), respectively; as listed in Table 3.1. 
Table ‎3.1. Triaxial geogrid (average of five samples). 
Property measurements 
Material Polypropylene 
Opening shape Equilateral triangle 
Length of rib, mm 46 
Midrib (depth × width), mm 1.5 × 1.5 
Node (diameter × thickness), mm 10.0 × 4.0 
Properties of triaxial geogrid 
 Samples CMD Samples 2CMD 
Width of samples, mm  200 200 
Initial length of samples, mm 109 109 
Maximum load, kN 3.7 4.5 
Maximum load per unit width, kN/m  18.5 22.7 
Elongation at  maximum load, % 12.1 10.2 
Secant modulus of triaxial geogrid, kN/m/elongation% 
At 2% elongation 3.3 5.4 
At 5% elongation 2.4 3.8  
At 10% elongation 1.7  2.1  
a
 the average elongation at the maximum load of Samples 2CMD was determined from the test results 
of four triaxial geogrid samples. 
Note: CMD and 2CMD represent the triaxial geogrid samples tested under uniaxial tensile strength at 
the cross-machine direction with respect to the width of the geogrid roll for a single or double geogrid 





Figure  3.1. Triaxial geogrid (TG): (a) Single layer (Samples CMD); (b) Double layer 
(Samples 2CMD). 
The tensile strength tests were performed to determine the mechanical properties of TG (BS 
EN ISO 2015; ASTM 2015). The wide-width sample of TG was prepared in this study. The 
TG samples were tested in the cross-machine direction (CMD) with respect to the width of 
the roll of geogrid, which is defined as the transverse ribs of the TG oriented parallel to the 
direction of the tensile testing load, as shown in Figure 3.1 (a) and (b). 
Two groups of TG samples were tested. The first group (Samples CMD) included testing five 
samples of TG with a single geogrid layer (Samples CMD1, CMD2, CMD3, CMD4 and 
CMD5), as shown in Figure 3.1 (a). The second group (Samples 2CMD) consisted of testing 
five samples of TG with a double geogrid layer (Samples 2CMD1, 2CMD2, 2CMD3, 2CMD4 
and 2CMD5), as shown in Figure 3.1 (b). For the second group (Samples 2CMD), the two-













The dimensions of TG samples and the procedure of tensile strength tests were conducted 
according to BS EN ISO 10319 and ASTM D6637/D6637M (ASTM 2015). The tensile 
strength tests of TG samples were performed using a universal testing machine, Type Instron 
(Model 8033), having a capacity of 500 kN (112.40 kip); (Instron Pty Ltd 2017). The TG 
samples were tested at a constant rate of 2.5 mm/min (0.1 in/min) using two steel clamps, as 
shown in Fig. 1; (Al-Hedad and Hadi 2018). The TG samples were fixed to the steel clamps 
using steel bolts having a diameter of 8 mm (0.31 in.). All tensile strength tests of TG samples 
were carried out in the laboratories of High Bay 2 and Universal Testing Lab of the School of 
Civil, Mining and Environmental Engineering, University of Wollongong, Australia. 
As listed in Table 3.1, the average widths of both Samples CMD and Samples 2CMD were 
200 mm (7.87 in.). The average initial lengths of both Samples CMD and Samples 2CMD 
were 109 mm (4.29 in.). The tensile test results of TG samples illustrate that the average 
maximum load of Samples CMD was 3.7 kN (0.83 kip) with a corresponding average 
elongation of 12.1%. The average maximum load of Samples 2CMD was 4.5 kN (1.01 kip) 
with a corresponding average elongation of 10.2%. The average maximum loads per unit 
width of Samples CMD and Samples 2CMD were 18.5 and 22.7 kN/m (0.11 and 0.13 kip/in.), 
respectively. 
The secant modulus, which is defined as the ratio of the maximum load per unit width to the 
corresponding elongation of the TG samples at any specified point on the curve (Fig. 2), at the 
elongations of 2, 5 and 10% was determined. At 2% elongation, the average secant modulus 
of Samples CMD was 3.3 kN/m/elongation% (0.02 kip/in/elongation%) and 5.4 




The load per unit width versus elongation curves of Samples CMD and Samples 2CMD are 
shown in Figure 3.2. It can be mentioned that Samples CMD exhibited a uniform resistance 
against the tensile testing loads. In addition, the elongations of Samples CMD at the 
maximum loads were close. From Figure 3.2 (b), the load per unit width of Samples 2CMD 
possessed two peaks of tensile loads. It can be concluded that increasing the number of layers 
of geogrid could increase the ductility of the concrete member when reinforced with two or 
more layers of the geogrid. In this study, the first peak of the tensile load was considered. 
  
(a)  (b)   
Figure  3.2. Load per unit width versus elongation curves of TG samples: (a) Samples CMD: 
(b) Samples 2CMD. (Note: kN/m = 5.72 Ib/in) 
3.4.2 Test matrix 
Table 3.2 presents test matrix of the experimental program implemented in this study. The test 
matrix included preparing three groups of notched concrete beam specimens, which were 
called specimens hereafter, having a cross-section of 150 × 150 mm (5.91 × 5.91 in.) and a 




and taken as reference specimens (Group U), as shown in Figure 3.3 (a). The second group 
consisted of five specimens reinforced with a single geogrid layer (Group G), as shown in 
Figure 3.3 (b). The third group included five specimens reinforced with a double geogrid 
layer (Group 2G), as shown in Figure 3.3 (c). The dimensions of specimens adopted in this 
study satisfy the requirements of RILEM, (Lee and Lopez 2014); and similar to the 
experimental studies conducted by Graeff et al. (2012) and Lee and Lopez (2014).
 
Table ‎3.2. Test matrix. 
Group Label of 
group 








Group U Beams U1, 2, 3, 4, 5 5 
150 × 150 × 550 
 
The geogrid layer 
was placed at 55 
from the bottom of 
the specimens. 
Reinforced with a 
single geogrid 
layer 
Group G Beams G1, 2, 3, 4, 5 5 
Reinforced with a 
double geogrid 
layer 
Group 2G Beams 2G1, 2, 3, 4, 5 5 
Note: 1 mm= 0.039 in. 
The geogrid reinforcement was placed at a depth of 55 mm (2.17 in.) from the bottom of the 
specimens (15 mm [0.59 in.] from the tip of the notch of the specimens), as shown in Figure 
3.3 (b) and (c). For the specimens of Group 2G, the layers of the geogrid were placed together 
in the specimens without any gap between them, in which the two geogrid layers were placed 
so that the nodes of the two layers coincided. This was done to allow the concrete mixture to 
pass freely without segregation through the openings of the geogrid layers and to guarantee 








Figure  3.3. Notched concrete beam specimens: (a) Group U; (b) Group G; (c) Group 2G. 
(Note: All dimensions are in mm; 1 mm= 0.039 in) 
Ready-mixed concrete supplied by Hanson was used in casting the specimens. The mix 
design of concrete is listed in Table 3.3; (Hanson Heidelberg Cement Group 2017). The 










). Coarse and fine sand at 369 and 696 kg/m
3 
(23.06 and 43.50 lb/ft
3
), 
respectively; were used in mixing the concrete. Supplementary cementitious materials 








]) were used. Liquid admixtures included water reducer, range water reducer and 
high range water reducer were used by about 1175, 391 and 2950 ml/m
3 
(0.009, 0.003 and 
0.022 gal/ft
3










 and 0.009 gal/ft
3
), respectively. The components of concrete 




) water. The ratio of water to ordinary Portland 
cement, Type general purpose, and supplementary cementitious materials was 0.26. The 
liquid admixtures and the quantity of water produced a slump for the concrete of 150 mm 
(5.91 in.). With the 150 mm (5.91 in.) slump of the concrete, the consistency of the concrete 
was appropriate for pouring and flowing through the openings of the triaxial geogrid layers. 
Table ‎3.3. Components of concrete (Hanson Heidelberg Cement Group 2017). 
Components Quantity 
Ordinary Portland cement (Type general purpose), kg/m
3 
 196  
Coarse aggregate, 10 mm size, kg/m
3 
 801  
Coarse sand, kg/m
3 
 369  
Fine sand, kg/m
3 
 696  
Water, L/m
3
 103  
Supplementary cementitious materials, kg/m
3
 





Water reducer 1175  
Range water reducer 391  
High range water reducer 2950  
Accelerator 78  
Shrinkage limiter 1160  
Note: 1 kg/m
3















The concrete was cast using plywood moulds that had smooth surfaces. For the specimens 
reinforced with the TG, the inside of the plywood moulds was marked using a marker pen, red 
in colour, as shown in Figure 3.4 (a). This was done to guarantee correctly placing the TG 




The steps, which were reported by Tang et al. (2008),
 
were followed in casting the concrete. 
The steps of casting of the concrete included pouring the first layer of concrete with a 
thickness of 54 mm (2.13 in.) in the plywood mould with slight compaction by using a table 
vibrator. The TG layer was carefully placed and kept by tightly pushing it in the concrete. 
Another concrete layer was poured above the TG layer until the mould was filled with the 
concrete, as shown in Figure 3.4 (b). The concrete with the TG layer was compacted to ensure 
both concrete layers were compacted and appropriately intermixed through the TG layer. 
Casting the specimens was conducted in the laboratories of High Bay 2, the School of Civil, 
Mining, and Environmental Engineering at the University of Wollongong, Australia. 
The plywood moulds with the concrete were kept in the laboratory within the ambient 
temperature of 23 ± 3˚ C (73.4 ± 5.4˚ F) for 24 hours. The concrete was cured by covering the 
specimens with two layers of hessian cloth, as shown in Figure 3.4 (c) for further 27 days. 
During the curing period, the concrete and the hessian cloth were kept wet using water. The 
specimens with hessian cloth were covered with two layers of plastic cover. 
   
Figure  3.4. Preparation of specimens: (a) Plywood moulds; (b) Casting of specimens; (c) 
Curing of specimens. 
(a) (c) 
Marker pen 





At the age of 7 days, the walls of the plywood moulds were removed from the specimens. 
This was done to properly cure the concrete. No surface voids were observed in the concrete 
after demolding the specimens, as shown in Figure 3.5 (a). After testing the specimens was 
completed, the position of the TG layers was checked. It was found that the TG layers were 
correctly placed at the required level (Figure 3.5 (b)). 
The mechanical properties of the concrete were determined at the age of 28 days. The 
compressive strength of concrete was determined by testing three concrete cylinders having a 
diameter of 100 mm (3.94 in.) and a height of 200 mm (7.87 in.); (Al-Hedad and Hadi 2018). 
The concrete cylinders were cured by immersing them in water with a standard temperature of 
23 ± 2˚ C (73.4 ± 3.6˚ F) for 27 days.  The average of compressive strength was 40.0 MPa 
(5800 psi). The flexural strength of concrete was calculated using the recommendations of 
Austroads
 
and found to be 4.74 MPa (687.3 psi); (Austroads 2004). 
  
Figure  3.5. Specimens of the cyclic loading tests: (a) Demolding of specimens; (b) Checking 





3.4.3 Preparation of specimens for testing 
The specimens were prepared for the cyclic loading tests at the age of 150 days. The age of 
150 days was selected to minimize the influence of strength gain of the concrete during the 
testing time because of the aging of concrete (BreitenbÜcher & Ibuk 2006; Hanson & 
Ballinger 1997). At the middle of the span of the specimens, a notch having a depth of 40 mm 
(1.57 in.) and a width of 3 mm (0.12 in.) was cut at the age of 150 days, as shown in Figure 
3.3 (a), (b) and (c). The notch was cut using the concrete and rock cutting machine having an 
abrasive blade made of diamond with a diameter of 500 mm (19.69 in.) and a thickness less 
than 3 mm (0.12 in.). 
The side faces of the specimens were painted with white colour, Type British Paints, as 
shown in Figure 3.6 (a); (Toumi & Bascoul 2002). This was done to monitor any cracks, 
which may be initiated in the concrete during the testing. At the front side of the specimens, 
the positions of the loading and supporting pins were marked using a marker pen, as shown in 
Figure 3.6 (a). The mid-span of the specimens, which represents the extended line from the 
notch, was also marked. These marker lines assisted in placing the specimens correctly in the 
required locations in the steel testing frame. In addition, it was to ensure that the specimens 





Figure  3.6. Preparation of specimens for testing: (a) Aluminium plate; (b) Steel testing frame. 
Three square thin plates made of aluminium were fixed at both sides of the specimens using 
epoxy Type Araldite, Parts A and B, as shown in Figure 3.6 (a); (Toumi & Bascoul 2002). 
The aluminium plates had a thickness of 3 mm (0.12 in.) and a side length of 25 mm (0.98 in.). 
The arrangement of the aluminium plates was included as follows: one aluminium plate at 
both sides of the specimens was placed beside the mid-span of the specimens and two 
aluminium plates at both sides the specimens at 75 mm (2.95 in.) from the middle of the span 
of the specimens. The aluminium plates were used to support the steel brackets of linear 
variable displacement transducers (LVDTs) during the testing. One or two round grooves 
depending on the number of bolts at each aluminium plate were made. The round grooves 
were made to provide a firm interlock for the bolts of the steel brackets with the specimens 
during the testing (Figure 3.6 (a)). One aluminium plate at each side of the specimens was 
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3.4.4 Setup of cyclic loading tests 
The cyclic loading tests were carried out using a steel testing frame, as shown in Figure 3.6 
(b). The steel testing frame was fabricated in this study to provide a span of 450 mm (17.72 
in.) for the lower supporting frame and a 150 mm (5.91 in.) distance for the upper loading 
head. 
The vertical displacements of the specimens were measured using two LVDTs, called 
LVDTVs, Types DCDT-20 and 100, with a range of measurement of 5 mm (0.20 in.), as 
shown in Figure 3.6 (a); (Bunnings Group Limited 2017). The vertical displacements were 
measured at the third points front of the specimens on opposite sides that were located at a 
distance of 75 mm (2.95 in.) form the mid-span of the specimens. The LVDTVs were held by 
two steel holders, Holder 1 and Holder 2 (Figure 3.6 (b)), which were fabricated in this study 
and fixed at the lower supporting frame. 
Crack Mouth Opening Displacement (CMOD) at the notch of the specimens was measured 
using a LVDT, called LVDTH, Model 8709, with a range of measurement of 50 mm (19.69 
in.); (A-Tech Instruments Ltd 2017a). The LVDTH was held by a steel holder, Holder 3, 
placed behind the specimens at a distance of 10 mm (0.39 in.) from the bottom of the 
specimens (Figure 3.6 (b)). 
The three steel brackets were fixed in the specimens with the aluminium plates using the bolts. 
The steel brackets were used to support the arm of the LVDTs during the testing. High 




The high strength plaster provided a full attachment between the upper loading head and the 
specimens. 
3.4.5 Regime of the tests of cyclic loading 
The notched concrete beam specimens were tested under cyclic four-point bending loads at a 
frequency of 7 Hz. The cyclic loading was applied in a sinusoidal waveform under a load 
control up to the failure of the specimens. 
The cyclic loading started with the maximum cyclic load of 12.5 kN (2.81 kip) as a first 
testing step. The 12.5 kN (2.81 kip) maximum cyclic load represented 62.5% of the flexural 
strength of the plain concrete and determined from testing three notched concrete specimens 
(unreinforced) under cyclic four-point bending loads at a frequency of 7 Hz. 
The second testing step consisted of increasing the maximum cyclic load to 13.0 kN (2.92 
kip). The following testing steps included increasing the maximum cyclic loads to 14.0, 15.0, 
16.0, 17.0, 18.0, 19.0 and 20 kN (3.15, 3.37, 3.60, 3.82, 4.05, 4.27 and 4.50 kips). During 
each of the testing steps, the specimens were subjected to 50000 cycles. 
At each testing step, the minimum cyclic load, which represented the lower boundary of the 
sinusoidal waveform, was taken as 0.15 of the maximum cyclic load. The amplitude of the 
cyclic loading was determined according to the average of the maximum and minimum cyclic 




It should be mentioned that, for several specimens, the maximum cyclic loads were increased 
in spite of a visible crack created in the tested specimens. The increase of the value of the 
maximum cyclic loads was correct because the specimens, which had visible cracks, 
continued resisting the cyclic loads without any excessive deflection. The number of visible 
cracks was small in the specimens of Group G, however, they were long in the specimens of 
Group 2G. 
As shown in Figure 3.7, the frequency of the cyclic loading started at 2 Hz for about 15 
seconds, and then it was increased to 3 Hz for about 10 seconds. The frequency was gradually 
increased to 4 Hz, 5 Hz and 6 Hz with 10 seconds increases. Finally, the frequency of the 
cyclic loading was increased to 7 Hz. The results of the cyclic loading obtained during the 
transition of the frequency from 2 to 7 Hz were not considered in the final calculations. 
It should be mentioned that the results of cyclic loading obtained from testing the 
unreinforced concrete specimen, Beam U3, were discarded from the final calculations. This is 
because Beam U3 suddenly cracked as it was subjected, by mistake, to an impact load that 
happened while stopping the testing machine. 
 




3.5 Test results and discussion 
According to the test results that were obtained from the tests of cyclic loading of the notched 
concrete beam specimens reinforced with the triaxial geogrid, the flexural behaviour of the 
geogrid reinforced concrete specimens under cyclic loads showed a significant development.  
3.5.1 Flexural strength of specimens 
The flexural strength (σ) at the failure cyclic load of the specimens of Groups U, G and 2G is 
shown in Figure 3.8. The flexural strength of the specimens was calculated from the following 
equation (A-Tech Instruments Ltd.
  
2017b; AS 1012.11 2000), 
σ= PL/bd
2
      (3.1) 
where P is the failure cyclic load (kN), L is the span of the specimen (450 mm [17.72 in.]), b 
is the width of the specimen (150 mm [5.91 in.]) and d is the depth of the specimen (110 mm 
[4.33 in.]). 
As shown in Figure 3.8, the test results illustrate that the flexural strength of the specimens of 
Groups G and 2G was improved in comparison with the flexural strength of the specimens of 
Group U. According to the average flexural strength of the specimens of Groups U, G and 2G, 
the increase in the flexural strength of Groups G and 2G was between 9% for Group G and 20% 
for Group 2G more than that of the average flexural strength of the specimens of Group U. 
In addition, the flexural strength of the specimens of Group 2G exhibited a high flexural 




shown in Fig. 8. As a result, the flexural strength of the concrete specimens reinforced with 
the geogrid can be increased with increasing the number of geogrid layers.  
 
Figure  3.8. Flexural strength at failure cyclic loads. (Note: 1 MPa = 145 psi) 
The development of the flexural strength of concrete specimens reinforced with the geogrid 
reflects the effect of the geogrid layer in resisting the tensile stresses when subjected to cyclic 
loads. As a result, the flexural fatigue behaviour of the highway concrete pavements and deck 
slabs of the bridges reinforced with geogrid can be improved. 
In spite of the visible cracks being initiated in several concrete specimens reinforced with the 
geogrid, those specimens continued resisting the tensile stresses while being subjected to the 
cyclic loads before the specimens completely failed. This means that the rehabilitation and 
maintenance of the concrete pavements reinforced with geogrid can be implemented within a 










































3.5.2 Fracture energy 
The fracture energy of the specimens of Groups U, G and 2G is shown Figure 3.9. The 
fracture energy of the specimens was calculated from the failure cyclic loads multiplied by the 
average vertical displacements measured by LVDTVs (Figure 3.6) during of the cyclic testing. 
The fracture energy shown in Figure 3.9 was multiplied by the number of load cycles at each 
testing step of the cyclic testing. 
As shown in Figure 3.9, the fracture energy of the specimens of Groups G and 2G was higher 
than those the fracture energy of the specimens of Group U. The increase of the average 
fracture energy of the specimens of Group G was 6% and 23% for the specimens of Group 2G 
more than those the fracture energy of Group U. As a result, the fracture energy required to 
completely fail the specimens reinforced with geogrid were higher than those of the 
unreinforced specimens. Therefore, using the geogrid as a fatigue resisting material of 
concrete pavements can delay propagating the cracks in the concrete and can eventually delay 
failing the concrete pavements. 
From Figure 3.9, the specimens of Group 2G generally had high fracture energy than those 
the fracture energy of the specimens of Group G. The increase of the average fracture energy 
of the specimens of Group 2G was by about 19% in comparison with the fracture energy of 





Figure  3.9. Fracture energy. (Note: 1 m = 39.37 in; 1 N = 224.8 Ib) 
3.5.3 Crack mouth opening displacement (CMOD) 
The effect of geogrid reinforcement on the crack mouth opening displacement (CMOD) of the 
specimens of Groups U, G and 2G was evaluated at the maximum cyclic load of 12.5 kN 
(2.81 kip). The CMOD shown in Figure 3.10 represents the average of the CMOD measured 
by the LVDTVs per each specimen per each group during the cyclic testing up to the failure 
of the specimens. 
 






































































It can be seen that the CMOD of the specimens of Groups G and 2G was lower than those of 
the CMOD of the specimens of Group U by about 41% for the specimens of Group G and 47% 
for the specimens of Group 2G. The displacement of CMOD directly influences the initiating 
and propagating of cracks in the concrete pavements. As a result, preventing or eliminating 
the propagation of cracks in the concrete pavements keeps the concrete pavements at the 
appropriate service level for a long service time. 
In addition, the CMOD of the specimens of Group 2G was lower than the CMOD of the 
specimens of Group G by about 10%. This illustrates that the number of layers of the geogrid 
used as a fatigue resisting material plays a significant role in improving the propagating 
resistance of the cracks in the concrete pavements. 
3.5.4 Number of load cycles 
The number of load cycles (fatigue life) of the specimens of Groups U, G and 2G at the 13.0 
kN (2.92 kip) maximum cyclic load, is shown in Figure 3.11. The number of load cycles 
shown in Figure 3.11 represents the total number of load cycles of the specimens of Groups U, 
G and 2G calculated form the second testing step (13.0 kN [2.92 kip]) up to failure of the 
specimens. The load of 13.0 kN (2.92 kip) was selected as an initial step for evaluating the 
effect of geogrid reinforcement on the number of load cycles of Groups U, G and 2G. This is 






Figure  3.11. Number of load cycles at the 13.0 kN maximum cyclic load (second testing step). 
It can be seen that the number of load cycles of the specimens of Groups G and 2G 
significantly increased. The increase of the number of load cycles of the specimens of Group 
G was in the range of 27% to 87% more than that of the number of load cycles of the 
specimens of Group U. For the specimens of Group 2G, the increase of the number of load 
cycles was in the range of 30% to 91% compared with the specimens of Group U. 
The number of load cycles of the specimens of Group 2G was increased in comparison with 
the specimens of Group G by about 5%. As a result, the geogrid reinforcement can increase 
the fatigue life of the concrete pavements under traffic loads. In addition, reinforcing concrete 
pavements with a double geogrid layer improves the fatigue life of the pavements. 
3.6 Analytical approach 
In this study, the notched concrete beam specimens reinforced with a single or a double layer 
of geogrid were tested under cyclic four-point bending loads at various stress levels. The 
















































allowable number of load cycles (𝑁𝑐 ) (× 1000) for the compressive stress at the extreme fiber 
















where 𝑁𝑖  is the allowable number of load cycles at stress level j. The 𝑁𝑇𝑜𝑡𝑎𝑙  is the total 
allowable number of load cycles of the notched concrete beam specimens, 𝜎𝑐𝑗   is the 
compressive stress at the extreme fiber of notched concrete beam specimens at stress level j. 
The compressive stress at the extreme fibre of notched concrete beam specimens was 
determined from the expression of  [𝜎𝑐𝑗 = (𝑃𝑗
𝑚𝑎𝑥 × 𝐿 × 𝑌) (6 × 𝐼) ⁄ ] . The 𝑃𝑗
𝑚𝑎𝑥  is the 
maximum cyclic load at stress level j. The L, 𝑌 and I represent the span, distance from the 
neutral axis to any given fibre and the second moment of area, respectively; of the notched 
concrete beam specimens. The 𝑓𝑐
′ is the compressive strength of plain concrete. 
The SL is the stress level of notched concrete beam specimens, and (P) is a shape coefficient 
of curve, which represents the relationship between the ratios of the maximum to minimum 
cyclic loads at stress level j. The shape coefficient of curve can be determined from the 
expression of [𝑃 = 3.1783 − 2.0292 (𝑃𝑗
𝑚𝑎𝑥 𝑃𝑗
𝑚𝑖𝑛⁄ ]. The 𝑃𝑖
𝑚𝑎𝑥 is the maximum cyclic load at 
stress level j. The 𝑃𝑗




Figure 3.12 presents the stress ratio ( 𝜎𝑐 𝑓𝑐
′⁄ ) of the notched concrete beam specimens 
reinforced with a single or a double layer of geogrid obtained from the test results and Eq. 
(3.2).  
The allowable number of load cycles of the notched concrete beams specimens reinforced 
with a single or a double geogrid layer at tensile zone (𝑁𝑡) (× 1000) can be determined 
















 where 𝑆𝐶𝑀𝑂𝐷𝑖 is the ratio of the crack mouth opening displacement at the N cycle to the crack 
mouth opening displacement at the total number of load cycles of the notched concrete beam 
specimen (𝑁𝑇𝑜𝑡𝑎𝑙). The (𝑃𝑡) is the shape coefficient of curve, which represents the ratio of the 
maximum to minimum cyclic loads at stress level j. Based on the results of cyclic loading 
tests, the shape coefficient (Pt) is 2.2 for the allowable number of load cycles equal or lower 





Figure  3.12. Analytical equation of concrete pavements reinforced with geogrid at the 
compressive zone of notched concrete beam specimens. 
The 𝜎𝑡𝑗 represents the maximum tensile stress of concrete beam specimens reinforced with 
geogrid at stress level j. The maximum tensile stress was determined from the expression 
of[𝜎𝑡𝑗 = (𝑃𝑗
𝑚𝑎𝑥 × 𝐿) (𝐵 × 𝐷2) ⁄ ]. In which 𝑃𝑗
𝑚𝑎𝑥 is the maximum cyclic load at stress level j. 
The L, B and D represent the span, width and depth, respectively; of the notched concrete 
beam specimens. The 𝑓𝑡 represents flexural strength of plain concrete. Figure 3.13 shows the 
stress ratio (σt/ft) obtained from the test results and Eq. (3.3) versus the allowable number of 


















Figure  3.13. Analytical equation of concrete pavements reinforced with geogrid at the tension 
zone of notched concrete beam specimens. 
3.7 Conclusions 
Fifteen-notched concrete beam specimens reinforced with a single or double triaxial geogrid 
layer were tested under cyclic four-point bending loads using a sinusoidal waveform at a 
frequency of 7 Hz. According to the test results, the main outcomes can be drawn below: 
1. Geogrid reinforcement can improve the flexural fatigue strength of the notched concrete 
beam specimens subjected to cyclic loads by about 20% in comparison with the reference 
specimens. Accordingly, the traffic loads of the concrete pavements reinforced with 
geogrid can be increased. 
2. With formation of visible cracks in the specimens during the cyclic loading tests, the 
geogrid reinforcement continued in resisting the applied cyclic loads for a significant 

















3. During applying the cyclic loads, the crack mouth opening displacement of the specimens 
reinforced with the geogrid was lower than that of the reference specimens with 41% for 
the concrete specimens reinforced with a single geogrid layer and 47% for the concrete 
specimens reinforced with a double geogrid layer. As a result, the durability of the 
concrete pavements reinforced with the geogrid can be improved during their service life. 
4. The number of cyclic loads of the specimens reinforced with the geogrid increased 
between 87% and 91% more than that of the reference specimens. As a result, the fatigue 
life of the concrete pavements reinforced with the geogrid can be extended for a long time 
without extreme deterioration of the concrete pavements. 
5. The experimental results emphasize that all study parameters included the flexural stress, 
fracture energy, crack mouth opening displacement and number of load cycles of the 
specimens reinforced with the geogrid were significantly improved with increasing the 
number of geogrid layers. 
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In this chapter, the effect of geogrid materials on the flexural behavior of concrete pavements 
under cyclic loads was investigated. Fifteen-notched concrete beam specimens reinforced 
with a single or double triaxial geogrid layer were tested under cyclic four-point bending 
loads. The beam specimens were tested using a sinusoidal waveform at a frequency of 7 Hz. 
According to the test results, the geogrid materials can improve the flexural fatigue strength 
of the notched concrete beam specimens subjected to cyclic loads by about 20%.  In addition, 
the number of cyclic loads of the specimens reinforced with the geogrid increased between 87% 
and 91% more than that of the reference specimens.  
The next chapter, Chapter four, the influence of geogrid reinforcement on the flexural 
behaviour of cracked concrete pavements is presented. The preparation of concrete beam 
specimens reinforced with either one layer or two layers of triaxial geogrid is presented. The 
regime of testing of specimens is presented. 
  




4. CHAPTER FOUR: Influence of Geogrid Reinforcement on the Flexural 
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Over service time, cracks are initiated in the concrete pavements and gradually propagate at 
multi-directions due to the traffic loads. Further development of propagation of cracks in the 
concrete pavements causes degrading the flexural behaviour and may terminate the intended 
function of these structures. 
In this chapter, the effect of geogrid materials on the cracked concrete pavements was 
investigated. Two groups of concrete beam specimens were tested under static loads and 
cyclic loads. The concrete beam specimens were reinforced with either one triaxial layer or 
two triaxial geogrid layers. The behaviour of concrete beam specimens was monitored after 
initiation of cracks in the concrete. Test results including the effect of geogrid materials on the 
width of cracks and the flexural strength of cracked concrete pavements are presented and 
evaluated.   
 





This paper investigates the influence of geogrid reinforcement on the flexural behaviour of 
concrete pavements after the initiation of cracks up to failure. Two groups of notched concrete 
beam specimens with the dimensions of 150 mm × 150 mm in cross-section and 550 mm in 
length were tested. The concrete specimens of the first group were tested under static loads. 
The concrete specimens of the second group were tested under cyclic loads. The first and 
second group of concrete specimens included either unreinforced, reinforced with one or two 
layers of geogrid. The geogrid reinforcement was placed at a depth of 55 mm from the bottom 
of the concrete specimens. Test results illustrate that, when cracks are visible in the concrete 
specimens, the geogrid could maintain the flexural behaviour of the concrete pavements 
within the acceptable service level. The geogrid significantly prolonged the fatigue life of the 
cracked concrete pavements reinforced with the geogrid. The geogrid increased the maximum 
cyclic loads of the concrete specimens reinforced with geogrid before eventually failing.  
4.2 Introduction  
Concrete structures are subjected to both static and cyclic loads during their service life. Over 
time, cracks are initiated in the concrete structures and gradually propagate at multi-directions. 
Further development of propagation of cracks in the concrete structures causes degrading the 
flexural behaviour and may terminate the intended function of these structures. 




Concrete structures used in transportation engineering such as concrete pavements, airport 
runways, and deck slabs of bridges are more likely to suffer from the initiation and 
propagation of cracks. The reason is that these kinds of concrete structures have a thin depth 
compared with their other dimensions. The propagation of cracks follows the short path, 
which is the depth of the concrete pavement. This results in a gradual decline of the flexural 
strength of concrete pavements. In addition, the ability of the concrete structures used in 
transportation engineering in resisting the propagation of cracks directly depends on the 
changes in the higher traffic applied loads and on the changes in the boundary conditions such 
as loss of support or slab curling (Gaedicke et al. 2009). Therefore, the resistance of concrete 
pavements against the propagation of cracks may be reduced.  
The propagation of cracks in concrete pavements reinforced with steel reinforcement allows 
the water and aggressive ions to enter into the concrete pavements and accelerate corrosion of 
the steel (Niknezhad et al. 2017).  
Several experimental studies have been performed to assess the effect of fibres on the flexural 
behaviour of concrete pavements. Banthia and Sappakittipakorn (2007) investigated the 
fracture toughness of concrete reinforced with combined organic crimped fibres and inorganic 
crimped fibres with large and small diameters. They reported that the large with small 
diameters crimped fibres could significantly improve the toughness of the concrete. Parvez 
and Foster (2014) illustrated that steel fibres could improve the resistance of concrete against 




the development of cracks and could increase the fatigue life of plain concrete pavements 
under cyclic loads.  
Other researchers illustrated that the fibres could improve the post-peak resistance and strain 
capacity of the concrete reinforced with the fibres (Zhang et al. 1999; Park et al. 2012; Parvez 
and Foster 2014; Boughanem et al. 2014; Nguyen et al. 2018). In addition, all these studies 
demonstrated that the fibre reinforcement could significantly extend the fatigue life of 
concrete structures. Chang and Chai (1995) and Mastsumoto and Li (1999) reported that steel 
fibres could delay the propagation of cracks and increase the fatigue life of concrete 
specimens reinforced with steel fibres.  
Lee and Barr (2004) and Singh et al. (2008) illustrated that steel fibres could clearly improve 
the flexural fatigue strength of concrete pavements because of the ability of fibres to limit 
crack growth and transfer tensile stresses. However, the concrete reinforced with steel fibres 
needs a high energy during the mixing of the concrete components with fibres before getting 
acceptable consistency. In addition, the effectiveness of fibres in improving the flexural 
strength of concrete specimens depends on the properties of concrete and steel fibres such as 
the length and diameter of steel fibres, fibre modulus and interfacial bond strength 
(Matsumoto and Li 1999). The flexural strength of concrete pavements reinforced with steel 
fibres decreases with the development of length and width of cracks. This is because the 
frictional bond at the fibre-matrix interface of concrete is degraded during applying static and 
cyclic loads (Li and Matsumoto 1998). 




Geogrids are considered one of the geosynthetic products that are manufactured from 
polypropylene composite materials (Meski and Chehab 2014). The polypropylene composite 
materials are excellent in resisting corrosion. The geogrids have high tensile strength with low 
modulus of elasticity (Meski and Chehab 2014; Wang et al. 2015). In addition, the 
arrangement of the openings and the shape of nodes of the geogrids provide a full bond 
between the geogrids and the surrounding materials. The excellent characteristics of the 
geogrids provide an opportunity to apply the geogrids within the concrete structures. 
Experimental studies have recently been conducted with various types of geogrids such as 
uniaxial, biaxial and triaxial geogrids as the main structural reinforcement or confinement 
material (Tang et al. 2008; Siva Chidambaram & Agarwal 2014; Siva Chidambaram & 
Agarwal 2015; Shohana & Yalamesh 2015 and Wang et al. 2015). The experimental studies 
illustrated that the ductility of the concrete elements reinforced with the geogrids could be 
increased. In addition, Tang et al. (2008) illustrated that the geogrids could provide more 
control against the reflective cracking of concrete reinforced with geogrids by absorbing the 
concentrated stresses at the crack tips of the concrete. They also reported that the geogrids 
could delay the propagation of cracks.  
Tang et al. (2008) and Meski and Chehab (2014) investigated the flexural behaviour of 
concrete beam specimens reinforced with either uniaxial, biaxial or triaxial geogrids. 
According to the load-central deflection behaviour of the geogrid reinforced concrete beam 




specimens, more ductile, high fracture energy and high flexural resistance of the concrete 
beam specimens reinforced with geogrids were observed.  
Al-Hedad and Hadi (2017) and Al-Hedad and Hadi (2018) investigated the effect of triaxial 
geogrids composed of polypropylene on the flexural behaviour of concrete slabs. Al-Hedad 
and Hadi (2017) and Al-Hedad and Hadi (2018) conducted their studies through testing 
concrete slabs reinforced with the geogrids under static loads at three different positions: 
corner, edge, and interior of the slab. Al-Hedad and Hadi (2017) and Al-Hedad and Hadi 
(2018) illustrated that the flexural load capacity of the concrete slab reinforced with geogrids 
could be improved. They also demonstrated that the geogrid could extend the path of cracks 
along the depth of the concrete slab before the failure takes place. 
Geogrids were used in this study as the main reinforcement material of the concrete beam 
specimens. The concrete beam specimens were tested under static and cyclic loads. The effect 
of geogrids on the flexural strength, fatigue life, fracture energy and maximum cyclic loads of 
the concrete beam specimens with the existence of crack were investigated in this study. Such 
study is important as it provides an alternative reinforcement that does not corrode thus 
leading to prolonging the life of structural members.   
4.3 Experimental work 
Two groups of notched concrete beam specimens having the dimensions of 150 mm × 150 
mm × 550 mm were tested. The notched concrete beam specimens were either plain, 




reinforced with one layer or two layers of triaxial geogrid. The notched concrete beam 
specimens of the first group were tested under static four-point bending loads. The notched 
concrete beam specimens of the second group were tested under cyclic four-point bending 
loads. The test results of the notched concrete beam specimens reinforced with the geogrids 
were compared with the test results of the unreinforced plain concrete specimens. 
4.3.1 Geogrids 
Triaxial geogrid was used in this study as the main reinforcement material. The geogrid was 
manufactured from polypropylene composite materials (Maccaderri Australia Put Ltd 2015). 
The geogrid shown in Figure 4.1 had triangular openings with a side length of 45 mm 
measured from the centre to centre of nodes. The ribs of the geogrid had an average cross 
sectional area of 2.325 mm
2
. The average thickness and the average diameter of the nodes 
were 3.5 mm and 10.0 mm, respectively. 
Five triaxial geogrid samples were prepared and tested in this study to determine the tensile 
properties of the geogrid according to the requirements of BS EN IS 10319 (2015). The 
average width of the geogrid samples were 200 mm, as listed in Table 4.1. The average 
nominal gauge length of the geogrid samples, which was measured between the ends of steel 
clamps (Figure 4.1), was 109 mm. The average true gauge length of the triaxial samples, 
which is defined as the average nominal gauge length plus the elongation of geogrid at the 
preload, was 109.05 mm.   




Table ‎4.1. Properties of geogrid (average of five geogrid samples). 
Property Test results 
Width (mm) 200 
Nominal gauge length (mm) 109 
Elongation at 1% tensile strength per unit width (%) 0.04 
True gauge length (mm) 109.05 
Tensile strength per unit width (kN/m) 18.5 
Tensile strain at the tensile strength per unit width (%) 12.1 





Figure  4.1. Triaxial geogrid 
The average elongation at preload of the geogrid is defined as the measured increase in the 
gauge length corresponding to 1 percent of maximum tensile load. The widths and the true 
gauge lengths of the geogrid samples tested in this study satisfied the requirements of BS EN 
Width of specimen 



















ISO 10319 (2015). The geogrid samples were tested at a strain rate of 20% per minute until 
the rupture of the geogrid samples.  
4.3.2 Test Matrix 
Two groups of concrete beam specimens, called specimens hereafter, with 150 mm × 150 mm 
cross-section and 550 mm length were tested. For the geogrid reinforced specimens, the 
geogrid reinforcement was placed at a 55 mm depth from the bottom of the specimens.  
Table 4.2 lists details of the specimens adopted in this study. The first group of specimens 
included six specimens (Group ST). Two specimens of Group ST were unreinforced 
(Specimens US) and taken as control specimens. The other two specimens of Group ST were 
reinforced with one layer of geogrid (Specimens GS) placed at 55 mm from the bottom of the 
specimens. The last two specimens of Group ST were reinforced with two layers of geogrid 
(Specimens 2GS) which were coincidingly placed. The specimens of Group ST were tested 
under static four-point bending loads at a loading rate of 1 MPa/min until failure (Australian 
Standard 2014). 
The second group of specimens (Group CY) consisted of nine specimens, as listed in Table 
4.2. Three specimens of Group CY were unreinforced and undertaken as control specimens 
(Specimens UC). The other three specimens of Group CY were reinforced with one layer of 
geogrid (Specimens GC). The last three specimens of Group CY were reinforced with two 




layers of geogrid (Specimens 2GC). The specimens of Group CY were tested under cyclic 
four-point bending loads at a frequency of 7 Hz. 
Table ‎4.2. Test matrix. 
















150 × 150 × 550 
 
Reinforced with one 






Reinforced with two 











150 × 150 × 550 
 
Reinforced with one 






Reinforced with two 





Note: ST=concrete specimens tested under static loads; CY=concrete specimens tested under cyclic loads; US, 
GS, and 2GS=unreinforced, reinforced with one layer of geogrid, and reinforced with two layers of geogrid, 
respectively; and tested under static loads; UC, GC, and 2GC= unreinforced, reinforced with one layer of 
geogrid, and reinforced with two layers of geogrid, respectively; and tested under cyclic loads.  
At the middle of the span of the specimens, a notch with a width of 3 mm and a length of 40 
mm was made. The notch was made in the middle of the span of the specimens to localize the 
propagation of cracks during the testing. The localization of the propagation of crack 
facilitated monitoring and evaluating the effect of geogrid reinforcement on the flexural 
behaviour of the specimens. 
Normal strength concrete supplied by Hanson was used in casting the specimens of Groups 
ST and CY (Hanson Cement Group 2017). Ordinary Portland cement at 196 kg/m
3
, coarse 




aggregate at 801 kg/m
3





, respectively; were used. Supplementary cementitious materials included fly 




, respectively; were 
added to the ingredients of concrete. Liquid admixtures included water reducer at 1175 ml/m
3
, 
range water reducer at 391 ml/m
3
, high range water reducer at 2950 ml/m
3
 and accelerator at 
78 ml/m
3
 were used. Shrinkage limiter was added at 1160 ml/m
3
. The concrete mixture was 
mixed with a water to binder ratio of 0.26.  
The slump of the concrete mixture was 150 mm leading to flowability of the concrete to be 
appropriate to flow through the openings of the geogrid layers. The specimens of Groups ST 
and CY were cast using plywood moulds having the inside dimensions of 150 mm × 150 mm 
× 550 mm.  The procedure followed in casting the concrete mixture in the plywood moulds 
was reported by Tang et al. (2008). The procedure of casting of the concrete mixture included 
pouring the first layer of the concrete mixture until a depth of 54 mm of the plywood moulds. 
The geogrid reinforcement was placed on the first layer of the concrete mixture at the required 
level of 55 mm from the bottom of the specimen. The second layer of the concrete mixture 
was poured up to the plywood mould until it was filled. The concrete mixture with the 
geogrid reinforcement were vibrated for 3 minutes using a syntron vibrating table, Model VP-
65B (Syntron Packer 2017). 
The specimens of Groups ST and CY were cured under ambient conditions for 28 days. At 
the age of 1 day, the specimens of Groups ST and CY were covered with two layers of 




hessian cloth. In addition, the specimens and the hessian cloth were covered with one layer of 
a plastic sheet. The specimens and the hessian cloth were continuously wetted. The walls of 
the plywood moulds were removed at the age of 7 days. The casting and curing of the 
specimens of Groups ST and CY were conducted at the High Bay laboratories of the School 
of Civil, Mining, and Environmental Engineering, University of Wollongong, Australia. 
The compressive strength of concrete was determined at the age of 28 days by testing three 
concrete cylinders with 100 mm diameter and 200 mm height. The concrete cylinders were 
cured by immersing them in water at a standard temperature of 23 ± 2˚ C for 27 days. The 
average compressive strength of three concrete cylinders was 40.0 MPa. The flexural strength 
of concrete was determined by testing two concrete prisms having the dimensions of 150 mm 
× 150 mm × 550 mm. The average flexural strength of concrete was 4.7 MPa. 
4.3.3 Testing of Specimens 
The specimens of Groups ST and CY were tested between the ages of 150 days and the age of 
350 days. Selection of the age of 150 days to start the tests of the specimens of Groups ST and 
CY was to reduce the effect of strength gain of the concrete during the progress of the tests 
(Hanson and Ballinger 1992). The specimens of Group ST were tested under static four-point 
bending loads up to failure. The static four-point bending loads were applied at a rate of 1 
MPa/min (Australian Standard 2014).  




The specimens of Group CY were tested under cyclic four-point bending loads at a frequency 
of 7 Hz under various flexural stress levels. The specimens of Group CY were tested at the 
first flexural stress level of 3.0 MPa. Afterwards, the specimens of Group CY were tested 
with following flexural stress levels of 3.1 MPa, 3.4 MPa, 3.6 MPa, 3.8 MPa, 4.1 MPa, 4.3 
MPa, 4.6 MPa and 4.8 MPa. 
At each stress level, the load was cycled at 7 Hz to cause a maximum flexural stress at the 
above stated values and a minimum of 15% of the adopted flexural stress. For each flexural 
stress level, the specimens of Group CY were subjected to 50000 cycles. 
The widths of crack were measured at the tip of the notch of the Groups ST and CY 
specimens using a linear variable displacement transducer (LVDT), called LVDTH, Type 
LCD500A (RDP Group 2017). The LVDTH had a range of measurement of 50 mm, as shown 
in Figure 4.2.  The LVDTH was held by a steel holder. The steel holder was fixed at the 
supporting steel frame behind the specimen. The arm of the LVDTH was supported by a steel 
bracket. The steel bracket was fabricated and firmly fixed to the specimen using steel bolts 
having 7 mm diameter and 25 mm length. The steel bolts of the steel bracket was fixed 
through a square aluminium plate with a 3 mm thickness and a 25 mm side length. The 
aluminium plate was glued on both sides of the specimens using epoxy, Type Araldite, Parts 
A and B (Bunnings Group Limited 2017). 





Figure  4.2. Test set up of the specimens of Groups ST and CY for static and cyclic loading 
tests. 
The location of LVDTH (DLVDTH) was 20 mm from the bottom of the specimens of Group ST 
and 36 mm from the bottom of the specimens of Group CY, as shown in Figure 4.3. The 
width of crack at the tip of notch of the specimens (wtip) was determined using the expression 
of {wtip= [(110 / (DLVDTH + 150)) × wLVDTH]} in millimetres. The wLVDTH represents the width 
of crack at the location of LVDTH (Figure 4.3). The calculation of the width of crack at the 
tip of the notch of the specimens using the above expression was correct because the location 
of LVDTH was horizontal and firmly fixed during the cyclic loading tests. 
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Figure  4.3. Measuring the width of crack at the tip of notch of the specimens of Groups ST 
and CY (DLVDTH = 20 mm for Group ST specimens and 36 mm for Group CY 
specimens) 
The static and cyclic loads of the specimens of Groups ST and CY were carried out using the 
Instron testing machine, having a capacity of 500 kN, Model 8033 (Instron Pty Ltd 2017). 
The static and cyclic loads with the width of crack of the specimens of Groups ST and CY 
were simultaneously recorded during the progress of the testing using a computer connected 
to the Instron testing machine. The test results of the third unreinforced concrete beam 
specimen of Group CY were discarded. As this specimen was accidentally failed during 
stopping the Instron testing machine. 




4.4 Experimental results  
4.4.1 Properties of Geogrid  
The properties of geogrid used in this study represent the average of test results of five triaxial 
geogrid samples (Table 4.1). The average tensile strength per unit width of the geogrid 
samples was 18.5 kN/m. The average tensile strain at the tensile strength per unit width of the 
geogrid samples was 12.1%. At 5% strain, the average secant modulus of the geogrid samples 
was 2.4 kN/m/strain%.  
4.4.2 Behaviour of the specimens of Group ST under Static Loading   
The width of crack at the tip of notch at the failure of the Specimens US, GS and 2GS tested 
under static loads is shown in Figure 4.4. Specimens GS and 2GS failed at the width of crack 
at the tip higher than the width of the crack at the tip of Specimens US. The flexural failure of 
Specimens GS and 2GS at the higher crack width illustrates that the geogrid reinforcement 
resisted the tensile stresses in spite of cracking of concrete. As a result, the flexural behaviour 
of the specimens reinforced with the geogrid was generally improved. 





Figure  4.4. Width of crack at failure of the specimens of Group ST. 
In terms of the width of crack at the failure of Specimens 2GS, the flexural behaviour of 
Specimens 2GS was improved in comparison with the flexural behaviour of Specimens US up 
to failure. This means that an increase of the number of geogrid layers significantly leads to 
improving the flexural behaviour of the concrete specimens. The geogrid succeeded in 
increasing the flexural strength of specimens tested under static loads by about 22% for 
Specimens GS and 81% for Specimens 2GS compared with Specimens US. 
Figure 4.5 shows the static flexural strength ratio of Specimens US, GS and 2GS. The static 
flexural strength ratio of Specimens US, GS and 2GS was determined by dividing the static 
flexural strength of Specimens US, GS and 2GS at failure load by the average static flexural 
strength of plain concrete. It can be seen that the static flexural strength ratio of Specimens 

























Specimens US. The average static flexural strength of Specimens GS was 5% more than the 
average static flexural strength ratio of Specimens US.  
It should be mentioned that two peak loads during the static loading tests of Specimen 2GS1 
were observed before failure occurred. As shown in Figure 4.5, the first peak load of 
Specimen 2GS1 resulted from the resistance of the static load by the concrete with the 
geogrid reinforcement. The second peak load of Specimen 2GS1 resulted from the resistance 
of the static load by the geogrid layer. The second peak load increased the static flexural 
strength ratio of Specimen 2GS1 by about 3% more than the average flexural strength ratio of 
Specimens US. 
 
Figure  4.5. Static flexural strength ratio of the specimens of Group ST. 
In addition, it can be seen from Figure 4.6 that Specimens GS and 2GS continued to resist the 


















































suddenly failed without any clear propagation. This result matches the conclusions reported 
by Tang et al. (2008) and Meski and Chehab (2014). 
 
Figure  4.6. Cracking of the specimens of Group ST. 
4.4.3 Behaviour Group CY Specimens under Cyclic Loading  
The fatigue life of Group CY specimens tested under cyclic loads is shown in Figure 4.7. The 
fatigue life of Group CY specimens shown in Figure 4.7 represents the accumulative number 
of load cycles of Specimens UC, GC and 2GC when the cracks are visible up to failure. The 
accumulative number of load cycles of Specimens UC, GC and 2GC was determined by 
multiplying the number of load cycles for each flexural stress level by the maximum cyclic 
load to failure load ratio, as shown in Eq. (4.1) 
𝑁𝑎𝑐𝑐 = ∑ 𝑁𝑖 × (𝑃𝑖
𝑚𝑎𝑥 𝑃𝑓𝑎𝑖𝑙⁄ )
𝑛
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where 𝑁𝑎𝑐𝑐  is the accumulative number of load cycles of n stress levels up to failure of 
Specimens UC, GC and 2GC, 𝑁𝑖 is the number of load cycles at the stress level i, 𝑃𝑖
𝑚𝑎𝑥 is the 
maximum cyclic load at the stress level i, 𝑃𝑓𝑎𝑖𝑙 is the average failure load of plain concrete 
beam specimens tested under static loads.  
 
Figure  4.7. Fatigue life of Group CY specimens to failure. 
From Figure 4.7, it can be seen that the geogrid prolonged the fatigue life of Specimens GC 
and 2GC in comparison with Specimens UC. The geogrid increased the fatigue life of 
Specimens GC by about 44% more than the fatigue life of Specimens UC. In addition, 
Specimens 2GC (reinforced with two layers of geogrid) exhibited a significant improvement 
in the fatigue behaviour by about 6.5 times more than the fatigue life of Specimens GC and by 

























Figure 4.8 shows the fracture energy of Specimens UC, GC and 2GC up to failure. The 
fracture energy of Specimens UC, GC and 2GC was calculated by multiplying the maximum 
cyclic load at each flexural stress level by the width of crack measured at the tip of the notch 
of the specimens. Figure 4.8 shows that Specimens GC (reinforced with one layer of geogrid) 
did not exhibit a clear resistance of the cyclic loads in comparison with of Specimens UC 
(control specimens). While the fracture energy of Specimens 2GC (reinforced with two layers 
of geogrid) was significantly higher than that of Specimens UC. The increase of the average 
fracture energy of Specimens 2GC was about 86% more than the average fracture energy of 
Specimens UC. 
 
Figure  4.8. Fracture energy of the specimens of Group CY to failure. 
The maximum cyclic loads with the average width of crack at the tip of Specimens UC, GC 
and 2GC are shown in Figure 4.9. In general, Specimens GC and 2GC failed at the maximum 
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cyclic loads higher than the maximum cyclic loads of Specimens UC. The increase in the 
average maximum cyclic loads was 8% for Specimens GC and 18% for Specimens 2GC 
compared with the average maximum cyclic loads of Specimens UC. The average width of 
crack at the tip of the notch of Specimens 2GC significantly increased by about 90% in 
comparison with the average width of crack of Specimens UC and GC. It can be mentioned 
that the geogrid reinforced concrete specimens remained significantly resisting the cyclic 
loads in spite of a crack was being visible. 
 
Figure  4.9. Maximum cyclic loads and the width of crack at failure of Group CY specimens. 
4.5 Conclusions 
The effect of geogrid reinforcement on the flexural behaviour of concrete pavements with the 
existence of cracks up to failure was investigated. Two groups of notched concrete beam 






























































behaviour of concrete pavements reinforced with geogrid and subjected to static and cyclic 
loads can be improved in comparison with plain concrete pavements. The test results obtained 
from this study indicate that: 
1. The concrete specimens reinforced with geogrid and tested under static loads exhibited a 
slight improvement in the flexural strength up to failure. In addition, the concrete 
specimens reinforced with geogrid continued resisting the static flexural loads although a 
crack being visible.  
2. Under cyclic loads, the geogrid reinforcement considerably improved the fatigue life of 
the specimens reinforced with the geogrid, especially for the specimens reinforced with 
two layers of geogrid. In addition, the fracture energy and the maximum cyclic loads of 
the specimens reinforced with geogrid considerably increased. 
3. The number of geogrid layers used as a flexural resisting material plays a significant role 
in improving the flexural behaviour of the concrete pavements compared with the 
specimens reinforced with one layer of geogrid. 
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The effect of geogrid materials on the cracked concrete pavements was experimentally 
investigated. Two concrete beam specimens reinforced with one layer or two layers of 
geogrid were tested under static loading. The results of the concrete beam specimens tested 
under static loading were compared with the test results of unreinforced concrete beams 
specimens. Fifteen notched concrete beam specimens reinforced with either one layer or two 
layers of geogrid were tested under cyclic four-point bending loads. The test results of the 
concrete beam specimens reinforced with geogrid were compared with the test results of five 
unreinforced concrete beam specimens. Test results show that the concrete specimens 
reinforced with geogrid and tested under static loads exhibited a slight improvement in the 
flexural strength up to failure. Under cyclic loads, the geogrid reinforcement considerably 
improved the fatigue life of the specimens reinforced with the geogrid, especially for the 
specimens reinforced with two layers of geogrid.  
The next chapter, Chapter five, the effect of geogrid on the drying shrinkage of normal 
strength concrete pavements was tested. Two groups of concrete specimens were prepared 
and tested by drying them within the controlled environmental conditions, for 56 days. The 
first group consisted of testing nine prism specimens, which were either unreinforced (three 
prisms), reinforced with a single layer of biaxial geogrid (six prisms). The biaxial geogrid was 
placed at the two different locations of the geogrid reinforced prism specimens, which were: 
at 20 mm or at 37.5 mm from the surface of the specimens. The second group included testing 




three concrete slab specimens, which were unreinforced (three slabs) or reinforced with a 
single biaxial geogrid (three slabs). Test results were evaluated according to the test results 
obtained from testing three unreinforced concrete prism specimens.  
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The early age behaviour of Portland cement concrete (PCC) pavements is significantly 
influenced by weather conditions. This is because the PCC pavements possess a large surface 
area exposed to the effect of climate changes. Temperature and relative humidity have a 
combined effect on the PCC pavements, especially in the drier environments or when the 
curing conditions of concrete are inadequate. This leads to an increase in the rate of the 
evaporation of concrete mix water, and therefore, the PCC pavement would be more likely to 
shrink. Excessive shrinkage of PCC pavements results in cracks in the concrete. Thus, the 
performance of concrete pavements deteriorates with time. 
In this chapter, the effect of geogrid materials on the drying shrinkage behaviour of concrete 
pavements was investigated. For this purpose, two categories of concrete specimens were 
prepared and tested by drying them within the controlled environmental conditions, for 56 
days. The first category consisted of preparing and testing concrete prism specimens, which 
were either unreinforced, reinforced with a single layer of biaxial geogrid placed at 20 mm or 
at 37.5 mm from the surface of the specimens. The second category included preparing and 
testing concrete slab specimens, which were unreinforced or reinforced with a single biaxial 
geogrid. 
 





The aim of this study is to investigate the effect of geogrid on the drying shrinkage behaviour 
of concrete pavements. For this purpose, two categories of concrete specimens were prepared 
and tested by drying them within the controlled environmental conditions, for 56 days. The 
first category of specimens included casting and testing nine concrete prism specimens having 
dimensions of 75 × 75 × 280 mm. These specimens were divided into three groups. The first 
group included three unreinforced concrete prism specimens and taken as references. The 
second group consisted of three concrete prism specimens reinforced with a single biaxial 
geogrid layer located at 20 mm from the top of specimen. The last three specimens (third 
group) were reinforced with a biaxial geogrid layer placed at 37.5 mm from the top of 
specimen. The second category of specimens, which was suggested in this study to simulate 
the behaviour of concrete pavements, consisted of preparing and testing six concrete slab 
specimens. They had dimensions of 30 × 280 × 280 mm. The specimens of this category were 
divided into two groups. The first group included three unreinforced concrete slab specimens 
(References). The second group included three concrete slab specimens reinforced with a 
single biaxial geogrid layer placed at 15 mm from the top of specimen. The changes in the 
length of the prisms and the changes in the area of the slabs were measured and evaluated. 
Test results obtained illustrate that, under the controlled drying conditions, the geogrid can 
slightly reduce the drying shrinkage strains of the concrete pavements.  





The early age behaviour of Portland cement concrete (PCC) pavements is significantly 
influenced by weather conditions. This is because the PCC pavements possess a large surface 
area exposed to the effect of climate changes. Temperature and relative humidity have a 
combined effect on the PCC pavements, especially in the drier environments or when the 
curing conditions of concrete being inadequate. This leads to an increase in the rate of the 
evaporation of concrete mix water, and therefore, the PCC pavement would be more likely to 
shrink. 
High temperature of the concrete surface makes the concrete to lose the moisture gradually 
through the surface. The pore water moves towards the surface through the pore network 
(Jafarifar & Pilaoutas 2014). This results in variable moisture content in space and time. In 
addition, the value of temperature between the top and bottom of the slab will be different. 
When the rate of evaporation exceeds the rate of pore water movement towards the surface, 
the concrete will start to shrink, which is called the drying shrinkage. 
The drying shrinkage can be defined as the reduction in the concrete volume due to the 
influence of environmental conditions (Pelisser et al. 2010). This reduction may be considered 
a critical situation for concrete pavements and may significantly affect the performance and 
lifetime of concrete roads. Sometimes the drying shrinkage leads to a generation of excessive 
thermal strains and stresses in the concrete, in turn, mostly leading to cracking of concrete 




pavements. The concrete cracking may result in reducing the effective design stress used in 
the pavements by up to 50% (Jafarifar & Pilaoutas 2014). 
Several studies were conducted to examine the effect of temperature and relative humidity on 
the behaviour of concrete pavements during the early-age of their service life. For example, 
Asbahan & Vandenbossche (2011), Zhang et al. (2011), and Kim et al. (2011) investigated the 
response of jointed plain concrete pavement subjected to environmental effects. They 
concluded that the slab curvature which resulted from the effect of temperature and relative 
humidity influences the locations and magnitude of the critical stresses in the concrete 
pavement. In turn, the performance of the pavement for the long term will be affected. The 
authors also reported that the slab curvature, which resulted from the daily fluctuations of 
temperature or from reversible drying shrinkage, is not significantly reduced when using 
dowel and tie bars.  
Zhang et al. (2010) theoretically studied the drying shrinkage behaviour of normal strength 
concrete and developed a micromechanical model using the finite element method. The model 
was derived based on the capillary tension created in the capillary pores of the concrete and 
considered the interior humidity as a driving parameter. The authors recommended that the 
model can be used to predict the shrinkage-induced strains of concrete at a different time and 
different positions. In general, these studies emphasized that the environmental loads can be 
critical factors in the deformation of concrete pavements and, thus, on the long-term 
performance of the pavement. 




Several previous studies tried to address the effect of shrinkage deformation on the concrete 
using different reinforcement materials. Shao and Mirmiran (2007) investigated the role of 
fibre-reinforced polymer (FRP) grids and rods on the drying shrinkage deformation of 
concrete pavements. They illustrated that the FRP grids could be used instead of steel 
reinforcement in restraining the shrinkage deformation and could be placed closer to the 
surface. But the cost of construction using the FRP reinforcement is in the rise. 
Fibre reinforcement such as steel, polypropylene and synthetic fibres was used to restrain the 
shrinkage deformation of concrete. Jafarifar et al. (2014) and Ahamed et al. (2010) studied the 
drying shrinkage behaviour of concrete pavements reinforced with recycled steel fibres. They 
concluded that the shrinkage strains of concrete reinforced with the steel fibres was lower 
than that of plain mixes. Using fibres to mitigate the shrinkage deformation of concrete 
pavements can be source of problems when mixing the concrete or in the workability of the 
concrete, especially at the high fibre percentages. 
Bentz and Weiss (2011), Güneyisi et al. (2014), Wei et al. (2015) and Kim and Chun (2015) 
investigated the effect of pre-wetted lightweight fine and coarse aggregates as an internal 
curing technique on the autogenous and drying shrinkage behaviour of concrete. Although the 
use of this technique could mitigate the shrinkage deformation of cured concrete, the rate of 
shrinkage development was faster than the control concrete. Also, the early strength and the 
modulus of elasticity of the concrete were reduced. 




Geogrid, which is basically used to strengthen the weak soils, has been recently utilised as a 
reinforcement layer for Portland cement concrete elements. This is because they have several 
structural characteristics such as a high tensile strength and corrosion resistance (Ghaly 2006; 
Meski & Chehab 2014; Arulrajah & Rahman 2014). Siva and Agarwal (2014), Siva and 
Agarwal (2015a), Siva and Agarwal (2015b) and Wang et al. (2015) investigated the 
performance of concrete prismatic and cylindrical specimens strengthened with the geogrid. 
These investigations demonstrated that the flexural, compressive, and shear strength of 
concrete could be improved, as well as, the cracking resistance of concrete specimens could 
be increased. However, using geogrid products for reinforcing the Portland cement concrete 
elements are a new direction. So, additional research studies to find out more benefits for 
geogrid applications are required. In this study, the biaxial geogrid was used as a restraining 
layer of drying shrinkage for concrete prism and slab specimens. 
5.3 Objective of study 
The purpose of this study is to investigate the effect of geogrid on the drying shrinkage 
behaviour of concrete pavements by drying the specimens within controlled environmental 
conditions, at a temperature of 23 ± 3˚ C and Relative Humidity (RH) of 60 ± 10%. Two 
categories of normal strength concrete specimens were prepared and tested. They were prism 
and slab specimens having dimensions of 75 × 75 × 280 mm and 30 × 280 × 280 mm, 
respectively. 




5.4 Properties of biaxial geogrid 
The biaxial geogrid was used as a drying shrinkage restraining layer. This is because the 
arrangement of biaxial geogrid ribs and roughness of nodes’ surface can provide an 
appropriate bond between the geogrid layer and the surrounding concrete (Tang et al. 2008). 
The biaxial geogrid used in this study is manufactured from polypropylene composite 
materials (Maxwell 2005). It had square openings with inner dimensions of 38 × 38 mm, as 
shown in Figure 5.1. The ribs of the biaxial geogrid used were interconnected together at one 
point called node (junction). They had a cross section area of 2 × 3 mm measured by a digital 
vernier calliper gauge. 
 
Figure  5.1. Biaxial geogrid. 
The mechanical properties of the biaxial geogrid were determined using the standard of 
American Society for Testing and Materials (ASTM) D6637/D6637M-15 (ASTM 2015). The 




Single Geogrid Rib (SGR) sample was adopted in this test. In total, five SGRs were prepared 
and tested under a tensile force at a rate of 8 mm/min, as shown in Figure 5.2 (a). The instron 
tensile testing machine that has a capacity of 10000 N was used to test the geogrid samples. 
All tests were conducted at the High Bay Laboratory of the School of Civil, Mining and 
Environmental Engineering, University of Wollongong (UOW), Australia. 
Each biaxial geogrid sample was selected from the batch and prepared according to the 
requirements of ASTM D6637/D6637M-15 (ASTM 2015). All samples consisted of four 
junctions in order to provide the minimum required length and were free from any surface 
defects. The average length of geogrid samples, which is defined as the length of geogrid rib 
measured between the ends of the testing machine clamps and called initial gauge length, was 
200 mm, as shown in Figure 5.2 (b). The testing was stopped when the geogrid rib was 
ruptured (Figure 5.2 (c)). 
Table 5.1 lists the physical and mechanical properties of the tested biaxial geogrid samples. 
The tensile strength of the samples ranged between 1222 N to 1467 N with the corresponding 
elongation of 57 to 109 mm. These results satisfy with the requirements of ASTM 
D6637/D6637M-15 (ASTM 2015). The average tensile strength and elongation of samples 
were 1341 N and 81 mm, respectively. Figure 5.3 shows the tensile strength versus the 
corresponding strains of the five biaxial geogrid samples. 
 




   
Figure  5.2. Tensile test of single biaxial geogrid sample. (a) Fixing the biaxial geogrid sample 
by clamps with testing machine. (b) Measuring the initial gauge length. (c) 
Rupture failure of biaxial geogrid sample. 
A wide tolerance before accept or reject the test results of geosynthetic products (geogrid is 
one of these products) is permitted by ASTM D6637/D6637M-15 (ASTM 2015). This is 
because these products are extensively affected by environmental conditions of the laboratory 
and characteristics of tested geogrid samples. However, from Figure 5.3, it can be seen that 
there are differences in the results of the tensile strengths and elongations of the biaxial 
geogrid samples. These differences are acceptable according to the limitations of ASTM 
D6637/D6637M-15 (ASTM 2015). 
Single rib of  
biaxial geogrid 
Measuring the initial 
gauge length 
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Table ‎5.1. Physical and mechanical properties of biaxial geogrid samples. 
Test measurements Biaxial geogrid samples 
1 2 3 4 5 
Geosynthetic products Biaxial geogrid 
Rib pitch (mm) 38 × 38 
MidRib depth (mm) 2.0 
MidRib width (mm) 3.0 
Nodal thickness (mm) 4.0 
Initial gauge length of sample (mm) 197 203 197 197 197 
Tensile strength of sample (N) 1222 1467 1322 1258 1436 
Elongation of sample  (mm) 57 109 79 64 96 
Percentage increase of elongation (%) 29 54 40 32 49 
Average of tensile strength of samples (N) 1341 
Average of elongation of samples (mm) 81 
Standard deviation of the results of tensile strength (N) 96.52 
 





























5.5 Experimental program 
5.5.1 Preparation of specimens 
Table 5.2 provides details of the experimental program adopted in this study. Two categories 
of concrete specimens were prepared and tested. The first category of specimens that was 
prepared according to Australian Standards (AS) 1012.8.4 (AS 2015) included casting and 
testing nine concrete prism specimens with dimensions of 75 × 75 × 280 mm. These 
specimens were divided into three groups. The first group, which is labelled Group UP, 
included three unreinforced concrete prism specimens and taken as references. The second 
group consisted of three concrete prism specimens reinforced with a single biaxial geogrid 
layer located at 20 mm from the top of specimen and is named Group GP20. The last three of 
concrete prism specimens were reinforced with a biaxial geogrid layer placed at 37.5 mm 
from the top of specimen (middle of thickness) and is labelled Group GP37.5. 



















75 × 75 × 280 
Unreinforced ------- ------ 
GP20 3 Reinforced Biaxial geogrid 20 
GP37.5 3 Reinforced Biaxial geogrid 37.5 
Slab group 
US 3 
30 × 280 × 280 
Unreinforced ------- -------- 
GS 3 Reinforced Biaxial geogrid 15 
a
 : The location of biaxial geogrid layer from the top of specimen. 




The second category of specimens, which is suggested in this study to mimic as much as 
possible the behaviour of concrete pavements, consisted of preparing and testing six concrete 
slab specimens. They had dimensions of 30 × 280 × 280 mm, as listed in Table 5.2. The 
specimens of this category were divided into two groups. The first group included three 
unreinforced concrete slab specimens (References) and is labelled Group US. The second 
group included three concrete slab specimens reinforced with a single biaxial geogrid layer 
placed at 15 mm from the top of specimen and is named Group GS. Figures 5.4 and 5.5 show 
more details of the concrete prism and slab specimens. 
The 30 mm thickness of slab specimens was selected in this study to minimize the wide 
variation of the temperature and moisture gradients the slab surfaces and the middle of 
thickness of the slab, which are exposed to the environmental conditions. Thus, the readings 
of the drying shrinkage collected from the gauge studs, which were located at the middle of 
the slab depth, can be considered as the average of results of the drying shrinkage for the 
whole slab specimen. In addition, this value of the thickness allows achieving the movement 
and evaporation of moisture from the slab in one direction (from the top and bottom of the 
slab surfaces only). This case simulates to the movement and evaporation of moisture for the 
concrete pavements (Jafarifar eta l. 2014). 














 (All dimensions in millimetres) 
Figure  5.4. Configurations of concrete prism specimens. (a) Unreinforced concrete prism 
specimens (UP). (b) Geogrid reinforced concrete prism specimens (GP20). (c) 


























(All dimensions in millimetres) 
Figure  5.5. Configurations of concrete slab specimens reinforced with geogrid (GS). 
5.5.2 Preparation of moulds 
Nine standard metal moulds were used for moulding the prism specimens of the first category, 
as shown in Figure 5.6. They possessed inner dimensions of 75 × 75 × 280 mm. For each 
prism mould, two steel slides having dimensions of 1.5 × 75 × 75 mm were cut and put inside 
of the moulds to achieve exactly an inner length of 280 mm. In addition, gauge studs made 
from stainless steel were used to be the reference points during collecting the test readings. 
The dimensions of studs satisfied the requirements of AS 1012.13 (2015) were 22.5 ± 0.1 mm 
of length and a diameter of 6 mm. Two gauge studs were screwed into the gauge stud holder, 
one at each of the end of the prism specimens. While, four gauge studs were screwed into the 
gauge stud holder at each side of the slab specimens. 





Figure  5.6. Standard steel prism moulds. 
For moulding the concrete specimens of the second category, slab specimens, six timber 
moulds were designed and prepared in this study, as shown in Figure 5.7.  They possessed 
inner dimensions of 30 × 280 × 280 mm. The walls of these moulds were fixed with the base 
using 16 screws. The inside of the moulds was covered with a 0.125 mm thick Vinyl sheet to 
keep the concrete mix water and to reduce the friction force between the slab and the timber 
moulds.  




   
Figure  5.7. Preparation of timber slab moulds. (a) Walls of slab moulds. (b) Fixing the walls 
with the base of slab moulds. (c) Slab moulds.  
5.5.3 Setup of specimens  
The dimensions of the biaxial geogrid layer embedded in the concrete specimens were lower 
than the entire dimensions of the specimens by about 15 mm for prism specimens and 40 mm 
for slab specimens, as shown in Figure 5.8. This is because the temperature and RH gradients 
at the edges of concrete specimens are often regular. Thus, the variation in the temperature 
between the top and bottom of the concrete surface can be negligible (Qin and Hiller 2011). 
To fix the geogrid reinforcement layer during the pouring of concrete at the required level of 
the slab specimens, a small wire having a diameter of 0.05 mm was used at each corner of the 
slab and removed after 24 hours from the casting. 
(b) (c) (a) 





Figure  5.8. Biaxial geogrid layer inside the moulds. (a) For concrete prism specimens. (b) For 
concrete slab specimens. 
All specimens were cast on the same day using ready-mixed concrete, which was supplied by 
Hanson Company, Australia (Hanson 2017). The proportion of concrete ingredients adopted 
to achieve the normal compressive strength of concrete is listed in Table 5.3. The slump of 
concrete mixture, which was mixed with a 10 mm maximum aggregate size, was 150 mm. 
The compressive strength of the concrete, which was determined according to the test of three 
cylinders having a 150 diameter and a 200 mm height, was 37.6 MPa at 28 days age.  














































Dosage 164.05 65.62 98.43 339.69 687.79 829.13 1476 132.09 
*
 Admixture-PN20 is an aqueous solution of polycarboxylate polymers and hydrocarbons (Grace Construction 
2016 ). 
(a) (b) 




The process of pouring of concrete inside of the moulds was conducted as follows. Firstly, all 
moulds were cleaned and lubricated using a thin coating of mineral oil. Enough amount of 
concrete mixture was poured into the mould and distributed equally for making the required 
concrete cover. The poured concrete was lightly compacted using the table vibrator with a 
frequency of 50 Hz. Then, the geogrid layer was put over the concrete cover at the specified 
location. After that, more concrete was poured into the mould up to being filled, with the 
compaction using a table vibrator. Finally, the surface of the poured concrete was carefully 
levelled by the steel trowel. Figure 5.9 shows the prism and slab moulds cast with the 
concrete. 
  
Figure  5.9. Casting of concrete prism and slab specimens. 




5.6 Testing of specimens  
In this study, the experimental tests conducted on the concrete specimens were achieved by 
curing and drying these specimens within the controlled environmental conditions. Australian 
Standards (AS) 1012.8.4 (2015); was adopted to conduct these tests. All specimens were 
assembled at the same location during the whole of the curing and drying time of the 
specimens. This is to guarantee that all specimens would be exposed to the same 
environmental conditions. 
The process of curing was conducted during two main stages before the specimens were dried. 
The first stage was performed by placing the specimens inside an environmentally controlled 
chamber, with RH of 95% or more, as shown in Figure 5.10. This stage continued for 24 
hours from the casting of the specimens. The controlled chamber used in this stage was 
installed with two humidifiers that release a water spray. This is to ensure that the percentage 
of RH inside the chamber remained at 95% or more. To monitor the temperature and RH 
inside the chamber, two digital measuring devices were installed for this purpose. 





Figure  5.10. Initial curing environmental chamber of concrete specimens. 
The second curing stage of the specimens started after 24 hours from the casting of the 
specimens. It was conducted by submerging the specimens in the water saturated with lime. 
This stage continued for six days with a temperature of 23 ± 3˚ C. Figure 5.11 shows the two 
containers that included the specimens and filled with lime saturated water. 
A drying stage of the specimens, which is the stage that the specimens will start to dry and 
shrink, started after seven days from the casting of the specimens. At this stage, the specimens 
were placed in a drying chamber, within the temperature and RH of 23 ± 3˚ C and 60 ± 10%, 












Figure  5.11. Containers of concrete specimens utilised at the standard moist curing stage. 
   
Figure  5.12. Modified drying chamber. (a) Front view of the modified drying chamber. (b) 
Specimens inside the modified drying chamber. (c) Environmental control tools. 
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The drying chamber, which is a fridge modified for this study to keep the temperature and RH 
within the required level, was installed with an air heater connected with a timer to keep the 
temperature at 23 ± 3˚ C. Also, an air fan having a 96 mm diameter was supplied to create air 
circulation around the specimens.  A high accuracy sensor of RH was installed inside the 
drying chamber to measure the RH during the drying period. To further control the RH, 
especially at the early age of concrete, one kilogram of silica gel particles was prepared and 
spread inside the drying chamber. This stage continued for 56 days from the casting of the 
specimens. 
5.7 Experimental results and discussion 
Nine concrete prisms and six of concrete slabs were tested by drying them in the controlled 
environmental conditions, at a temperature of 23 ± 3˚ C and RH of 60 ± 10%. 
The changes in the length, in one direction, of prisms and the changes in the area, in two 
directions, of slabs were measured over the drying time. Test readings of drying shrinkage of 
the specimens were collected at the total drying period of 7, 14, 21, 28, and 56 days. All 
results calculated herein were the average of five readings taken for each specimen for each 
group, which includes three specimens. These results were determined using the vertical 
comparator device, as shown in Figure 5.13. 





Figure  5.13. Vertical comparator device. 
Table ‎5.4. Drying shrinkage test results. 
Concrete prism specimens 
Group label 
Age of drying time (days) Intervals of drying shrinkage readings  (days) 
7 14 21 28 56 7 to 14 14 to 21 21 to 28 28 to 56 
Average of readings of drying shrinkage (mm) Average of shrinkage  strains (10
-6
) (mm/mm) 
UP 6.873 6.142 5.861 5.806 6.218 2926 1124 221 1648 
GP20 7.371 6.585 6.312 6.265 6.674 3142 1094 188 1636 
GP37.5 7.293 6.458 6.179 6.134 6.538 3337 1117 182 1616 
Concrete slab specimens 
Group label 
Age of drying time (days) Intervals of drying shrinkage readings  (days) 
7 14 21 28 56 7 to 14 14 to 21 21 to 28 28 to 56 
Average of readings of drying shrinkage in the 
two directions (mm) 




US 7.111 6.373 6.165 6.137 6.514 2949 834 112 1508 










The analysis and evaluation of test results were conducted through dividing the findings into 
four intervals, which are: 7 to 14, 14 to 21, 21 to 28, and 28 to 56 days. Fig. 14, 15 and 16 and 
Table 5.4 present a summary of the experimental results.  
5.7.1 Drying Shrinkage behaviour of prism specimens 
The drying shrinkage behaviour of Groups UP, GP20 and GP37.5 were analysed and 
evaluated. Figure 5.14 shows the average of drying shrinkage strains versus the intervals of 
drying shrinkage. 
At the first interval, 7 to 14 days, the drying shrinkage strains of Groups GP20 and GP37.5 
were greater than Group UP by about 7% and 14%, respectively. This is because the concrete 
at this time still had a high percentage of porosities.  These porosities, spread in the concrete 
matrix, were still filled with the free water. This results in impairment of the bond between 
the geogrid layer and the surrounding concrete. As a result, the role of the geogrid 
reinforcement as a shrinkage restraining layer is lower. However, this situation is identical 
with the behaviour of drying shrinkage of concrete pavements reinforced with fibre (Jafarifar 
eta l. 2014). 





Figure  5.14. Average of drying shrinkage strains versus intervals of readings for unreinforced 
and geogrid reinforced concrete prism specimens. 
In the following intervals, the effect of geogrid on the shrinkage behaviour of Groups GP20 
and GP37.5 started to be visible. This is because the concrete matrix started gaining their 
appropriate hardness. It is due to progress in the process of the hydration of concrete. As a 
result, the property of the bond between the geogrid layer and the concrete was increased.  
For intervals of 14 to 56 days, the drying shrinkage strains were reduced by about 3 to 15% 
for Group GP20 and 7 to 17% for Group GP37.5 in comparison with the reference (Group 
UP). 
From the same figure, Figure 5.14, the drying shrinkage behaviour of Groups GP20 and 
GP37.5, which differed in the locations of geogrid layer, was slightly different. For intervals 







































Group GP37.5 was 2% to 6% more than that of Group GP20. While, for the intervals of 21 to 
28 and 28 to 56 days, the percentage of increase of the shrinkage strains for Group GP20 was 
1.2% to 3% more than that of Group GP37.5. This clearly reflects the influence of location of 
the geogrid layer in the concrete specimens, which should be located as nearly as possible to 
the surfaces exposed to drying.  
It should be noted that the results of drying shrinkage strains of the concrete specimens 
reinforced with the geogrid were generally lower, when compared with the unreinforced 
concrete specimens. It can say, this is because these specimens were dried within the 
moderate environmental conditions, at a temperature of 23 ± 3˚ C and RH of 60 ± 10%. These 
conditions gradually have a low impact on the shrinkage behaviour of concrete specimens in 
conjunction with the progress of hardening process of the concrete. 
5.7.2 Rate of drying shrinkage of the prism specimens  
The rate of drying shrinkage of concrete prism specimens can be defined, for this study, as the 
quantity measurement that aims to compare the average of drying shrinkage that occurred for 
geogrid reinforced concrete specimens during the drying time compared to unreinforced 
concrete specimens.  
Figure 5.15 shows results of the rate of average drying shrinkage of Groups GP20 and GP37.5 
compared to Group UP (reference) for each interval. In this figure, the rate of average drying 
shrinkage of Group UP was considered a fixed datum for comparison purposes and has a zero 




value. Thus, the negative sign means that the rate of average drying shrinkage of Groups 
GP20 and GP37.5 was greater than the reference. While the positive sign means that the rate 
of average drying shrinkage of Groups GP20 and GP37.5 was lower than the reference. 
It can clearly be seen that, during the interval of 7 to 14 days, the rate of drying shrinkage of 
Groups GP20 and GP37.5 was achieved at a higher rate than the reference, about 0.0077 to 
0.0147 mm/day, respectively. This illustrates that, when the concrete is still fresh, the geogrid 
reinforcement may contribute in increasing the rate of drying shrinkage of concrete. 
 
Figure  5.15. Rate of drying shrinkage of unreinforced and geogrid reinforced concrete prism 
specimens. 
The rate of drying shrinkage of Groups GP20 and GP37.5 during the intervals of 14 to 21 and 
21 to 28 became lower than the reference by about 0.0001 to 0.0014 mm/day. This 
emphasises that the effect of geogrid reinforcement as the restraint of drying shrinkage starts 
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GP20 and GP37.5 started to shrink at a slow rate because the specimens were dried within the 
moderate environmental conditions. 
5.7.3 Drying Shrinkage behaviour of slab specimens 
The average of drying shrinkage strains of the concrete slab specimens versus the intervals of 
drying shrinkage are shown in Figure 5.16. Although the slab specimens generally reflected 
the compatible shrinkage behaviour of concrete, the drying shrinkage strains at the interval of 
14 to 21 were slightly different. 
However, the geogrid reinforcement proved that it has an impact in reducing the drying 
shrinkage strains of concrete slab specimens reinforced with the geogrid (Group GS) by about 
7% more than the reference (Group US). This is clearly demonstrated at the interval of 7 to 14 
days. At the end of drying period, 28 to 56 days, the results of shrinkage strains of Groups US 
and GS were nearly equal. 





Figure  5.16. Average of drying shrinkage strains versus intervals of readings for unreinforced 
and geogrid reinforced concrete slab specimens. 
5.8 Conclusions 
The drying shrinkage behaviour of concrete prism and slab specimens reinforced with the 
biaxial geogrid layer was investigated. The specimens were dried within the controlled 
environmental conditions, at a temperature of 23 ± 3˚ C and RH of 60 ± 10%. 
The changes in the length of the prisms and the changes in the area of the slab specimens 
were measured and evaluated. According to the findings of the test, the principal conclusions 
can be drawn as follow: 
1. Except of the first drying interval, 7 to 14 days, the geogrid reinforcement could reduce the 
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2. The geogrid reinforcement could decrease the drying shrinkage strains during the early age 
of the specimens of Group G20. While, after 21 days of the casting, the geogrid layer in 
both Groups GP20 and GP37.5 showed nearly the same effect. 
3. The rate of drying shrinkage of Groups GP20 and GP37.5 declined by about 2% more than 
the unreinforced specimens during the drying duration. 
4. For the concrete slab specimens, the geogrid reinforcement could reduce the shrinkage 
strains by about 7 to 28% in comparison with the control specimens. 
5. The concrete slab specimens were suggested in this study to simulate the behaviour of 
concrete pavements in providing a wide surface area exposed to the effect of 
environmental conditions. However, more experimental studies are required before they 
are adopted. 
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In this chapter, Chapter five, the effect of biaxial geogrid on the drying shrinkage of concrete 
pavements was experimentally investigated. Two categories of concrete specimens were 
prepared and tested by drying them within the controlled environmental conditions, for 56 
days. The first category of specimens included testing nine concrete prism specimens having 
the dimensions of 75 × 75 × 280 mm. The second category of specimens, which was 
suggested in this study to simulate the behaviour of concrete pavements, consisted of testing 
six concrete slab specimens having the dimensions of 30 × 280 × 280 mm. The drying 
shrinkage of the prism specimens in one direction and the drying shrinkage of the slab 
specimens in the two directions were evaluated. Test results obtained illustrate that, under the 
controlled drying conditions, the geogrid can slightly reduce the drying shrinkage strains of 
the concrete pavements.  
The next chapter, Chapter six, the drying shrinkage of high strength concrete reinforced with 
either one layer or two layers of triaxial geogrid were studied. Test matrix and preparation of 
high strength concrete specimens are presented. 
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High strength concrete is widely used for all kinds of transportation infrastructure such as 
concrete pavements and bridge structures. The high strength concrete has excellent 
mechanical and durability properties such as high compressive strength and tensile strength. 
The excellent properties made the design life of concrete structures built from high strength 
concrete extends. The concrete structures that are built using high strength concrete may be 
prone to suffer from the risk of drying shrinkage in compare with normal strength concrete. 
This is because high strength concrete is prepared with the low ratio of water to cement. As a 
result, the evaporation of water from high strength concrete increases the risk of the effect of 
drying shrinkage on the high strength concrete structures. 
In this chapter, Chapter six, geogrid materials were proposed as a drying shrinkage reducing 
material for high strength concrete. The effect of geogrid materials is experimentally studied 
by testing concrete prism specimens reinforced with either on layer or two layers of triaxial 
geogrid layers. 
 





This study investigated the effect of geogrid reinforcement on the drying shrinkage behaviour 
of high strength concrete (HSC) pavements. Three groups of HSC prism specimens having 
the dimensions of 75 × 75 × 280 mm were tested. The first group included four unreinforced 
HSC specimens and considered as references. The second and third groups included testing 
eight HSC specimens (four specimens per group) reinforced with a single and double geogrid 
layer, respectively. The triaxial geogrid was used as a drying shrinkage-reducing material. 
The geogrid layers were placed at 37.5 mm from the surface of the specimen. The HSC 
specimens were dried at a temperature of 28 ± 5˚ C and a relative humidity of 50 ± 10% for 
98 days. The strains and rate of the drying shrinkage were calculated. Test results indicate that 
the geogrid can reduce the drying shrinkage strains of HSC. The rate of formation of the 
drying shrinkage strains of the HSC specimens reinforced with the geogrid was lower than the 
reference specimens by about 54%/day. 
6.2 Introduction  
High Strength Concrete (HSC) is widely used for all kinds of transportation infrastructure 
such as concrete pavements and bridge structures (Shi et al. 2011). This is because HSC has 
excellent mechanical and durability properties such as high compressive and tensile strengths, 
which result in increasing the design life, decreasing the construction time and lowering the 
maintenance and life-cycle costs of HSC structures (Elbasha & Hadi 2005; Shi et al. 2011).  




High strength concrete is defined as concrete with a compressive strength ranging from 50 to 
120 MPa, which is determined by testing standard size concrete cylinders or cubes at the age 
of 28 days (Nagataki 1996; Hadi 2005; Shi et al. 2011). 
The strength of HSC, however, is probably the most important but the time-varying durability 
of concrete due to the shrinkage behavior can also be important (Shi et al. 2011). Zhang et al. 
(2013) reported that HSC having a compressive strength of 80 MPa has high strains with a 
high gradient of drying shrinkage than that of normal strength concrete. 
Drying shrinkage of concrete is defined as volume changes of the concrete elements due to a 
decrease of moisture in the concrete because of the evaporation processes (Liu et al. 2017). 
For HSC, the drying shrinkage is considered as a critical property. This is because HSC is 
mostly prepared with a higher volume of mortar and low water to cementitious materials 
ratios (AS 2350.12 2006). At aggressive environmental conditions, the fresh HSC loses its 
moisture rapidly. The water of the concrete will compulsorily move from the core of the 
concrete towards the surface. As a result, the tensile stresses and strains in the voids and 
capillary pores of HSC are created. This results in increasing the potential of drying shrinkage 
of HSC and may result in the deterioration of HSC structures (Soliman & Nehdi 2010; 
Gesoğlu et al. 2015; Ma et al. 2017). 
In practice, the drying shrinkage in concrete pavements is more critical than that of other 
kinds of HSC members. This is because concrete pavements have a wide surface area, which 
is continuously subjected to the fluctuation of the temperature and relative humidity. Also, the 




concrete pavements cannot freely shrink because of subbase layers for the concrete pavements 
and shear connectors for the deck slabs of bridges, which restrain the pavement from the 
movements (Jamali & Saadeghvaziri 2010). As such, the differential shrinkage can be created, 
which may cause warping or curling of the pavements (Neville 1995; Aliş 2003). 
Several researchers adopted various strategies to mitigate the effect of drying shrinkage of 
HSC. Gao et al. (2012) investigated the impact of traditional steel reinforcement on the drying 
shrinkage behavior of HSC. Test results illustrated that the drying shrinkage strains could be 
reduced at high ratios of steel reinforcement and close to the bars. Gao et al. (2012) also 
demonstrated that the reduction of drying shrinkage depends on the distance between the 
reinforcement bars and their arrangement in the concrete member. 
Voglis et al. (2005), Camiletti et al. (2014), Marzouki et al. (2013), and Mohammadi and 
South (2016) investigated the drying shrinkage of HSC with different contents of limestone. 
In general, results of these investigations demonstrated that the limestone does not have a 
considerable influence in reducing the drying shrinkage strains of HSC. 
Lee and Yoon (2015) investigated the effect of fly ash, as a partial replacement material of 
cement, on the drying shrinkage behaviour of HSC. Lee and Yoon (2015) reported that the fly 
ash could increase the volume of fine pores in the concrete and can lead to increasing the 
drying shrinkage strains. Gadam et al. (2015) and Kate and Thakare (2017) shared the 
conclusions of Lee and Yoon (2015) for silica fume and fly ash and granulated blast furnace 
slag, respectively. Kate and Thakare (2017) also illustrated that the compressive strength of 




HSC could be reduced by increasing the fly ash content. While Nath and Sarkar (2013) 
illustrated that HSC containing 40% volume of fly ash could minimize the drying shrinkage 
compared to the control concrete. 
Güneyisi et al. (2007) used metakaolin as a partial replacement material of ordinary Portland 
cement to investigate the drying shrinkage strains of HSC up to 120 days. The results 
demonstrated that the inclusion of the metakaolin in HSC reduces the drying shrinkage strains. 
However, the compressive and splitting tensile strengths of HSC were increased with age of 
concrete at varying results. 
Artificial aggregates made of fly ash and granulated blast furnace slag were studied by 
Gesoğlu et al. (2015) as a way to reduce the shrinkage deformation of HSC. Gesoğlu et al. 
(2015) reported that this technique could mitigate the general shrinkage deformation of HSC. 
However, at the same time, when using this kind of aggregates, extra water may be released 
from these materials to the concrete. The released extra water may influence the mechanical 
properties of HSC. Moreover, Liu et al. (2017) agreed with the conclusions of Gesoğlu et al. 
(2015) in reducing the early shrinkage strains of the concrete, but they illustrated that the 
drying shrinkage strains of concrete might increase. 
Review of literature shows that there are some controversies about using the best material in 
mitigating the amount of formation of the drying shrinkage strains in HSC. Therefore, in this 
study, geogrids are proposed to be used as a drying shrinkage-reducing material of HSC. 




Geogrids are considered one of the geosynthetic products (Stevenson 2008). Geogrids are 
mainly used as reinforcement materials of soils for many applications such as the construction 
of roads, landfill and retaining structures (Global Synthetic 2011). Geogrids are made from 
polypropylene materials and formed with various kinds of opening shapes, such as uniaxial, 
biaxial and triaxial geogrid. 
Geogrids have recently been assessed as a reinforcement or confinement material in Portland 
cement concrete elements such as cylinders and beams. The assessment of geogrids was 
conducted by Meski and Chehab (2014), Siva Childambaram and Agarmal (2014), Siva 
Childambaram et al. (2015), Wang et al. (2015), Al-Hedad and Hadi (2017), and Al-Hedad 
and Hadi (2018). These studies illustrated that the mechanical properties of concrete elements 
reinforced with the geogrids such as compressive and flexural strengths could be improved. 
In addition, Al-Hedad et al. (2017) investigated the effect of geogrid reinforcement on the 
drying shrinkage strains of normal strength concrete. Al-Hedad et al. (2017) reported that the 
geogrids could mitigate the drying shrinkage strains of normal strength concrete when 
subjected to environmental conditions. In addition, the geogrid reinforcement could reduce 
the rate of formation of the drying shrinkage of normal strength concrete. 
In this paper, the drying shrinkage behaviour of high strength concrete reinforced with 
geogrids was experimentally investigated. The specimens were cast and tested for drying 
shrinkage in a control environmental chamber under a temperature of 28 ± 5˚ C and a relative 




humidity of 50 ± 10%. The specimens were reinforced with a single or double geogrid layer. 
The tests were conducted for up to 98 days. 
6.3 Properties of geogrid 
Triaxial geogrid was used in this study as a drying shrinkage-reducing material. The triaxial 
geogrid is considered one of the geosynthetic products. The triaxial geogrid is manufactured 
from a monolithic polypropylene material by extruding polymers and drawing triangular 
opening shapes (AS 3704 2005; Koerner 2012). 
The triaxial geogrid used in this study consisted of longitudinal and transverse ribs connected 
at one point called a node (junction), as shown in Figure 6.1 (a). The triaxial geogrid had 
triangular apertures having inside dimensions of 36 × 36 mm. The dimension of the apertures 
of the triaxial geogrid was enough to allow the coarse aggregates (10 mm) to pass through the 
geogrid layer. 
The width and thickness of the ribs of the triaxial geogrid, which were measured at the mid-
length of the ribs, were 1.2 and 1.8 mm, respectively; as listed in Table 6.1. The diameter of 
the node was 10.5 mm with a thickness of 3.5 mm. The dimensions of the triaxial geogrid 
were measured using a digital vernier gage having an accuracy of 0.01 mm. 




Table ‎6.1. Properties of triaxial geogrid. 
Property of geogrid Test results of triaxial geogrid samples   
Type of geogrid Triaxial geogrid   
Material of manufacture Monolithic polypropylene   
Size of inside of opening, mm 36 longitudinal × 36 Transverse    
Width of midrib, mm 1.2   
Thickness at midrib, mm 1.8   
Diameter of node, mm 10.5   
Thickness of node, mm 3.5   
 Sample1 Sample2 Sample3 Sample4 Sample5 Average SD 
Initial length, mm 
MD (0˚)
a
 213.5 214 213 214 213 213.5 0.5 
MD (60˚)
b
 220.5 221.5 220 218 221 220.2 7.6 
MD (120˚)
c
 219.5 216.5 221 223.5 215 219.1 7.1 
Force at failure, N  
MD (0˚) 635 614 604 596 600 609.8 15.6 
MD (60˚) 634 636 623 617 617 625.4 9.1 
MD (120˚) 602 622 611 610 615 612.0 7.3 
Elongation at 
failure force, mm 
MD (0˚) 20.5 19.9 19.7 18.9 19.2 19.6 0.6 
MD (60˚) 21.1 23.9 22.8 22.0 21.9 22.3 1.1 
MD (120˚) 21.4 22.6 22.4 22.6 22.4 22.3 0.5 
Note: SD = standard deviation of tensile testing results of triaxial geogrid samples. 
a
 test results of triaxial geogrid samples located in the angle of 0˚ referenced from the machine direction. 
b
 test results of triaxial geogrid samples located in the angle of  60˚ referenced from the machine direction. 
c
 test results of triaxial geogrid samples located in the angle of  120˚ referenced from the machine direction. 
 
  










According to the recommendations of ASTM D6637/D6637M standard (ASTM 2015), the 
ribs in the triaxial geogrid can be classified into three types in terms to their locations with a 
nominal skewed angle, which represents the angle of turning of the ribs of the triaxial geogrid 
with reference to the machine direction, as shown in Figure 6.1 (b). The first type of the ribs 
is called transverse ribs, which represent the ribs that are in the machine direction and 
symbolized as MD (0˚) in this study. The second and third types of the ribs are called 
longitudinal ribs, which are at the angles of 60˚ and 120˚, respectively; from the machine 
direction, as shown in Figure 6.1 (b). In this study, the second and third types of the ribs are 
symbolized as MD (60˚) and MD (120˚), respectively.  
A single rib sample for determining the properties of the triaxial geogrid was adopted in this 
study. The preparation and tests of the triaxial geogrid samples were conducted according to 
the procedure reported by ASTM D6637/D6637M standard (ASTM 2015). Five single rib 
samples of the triaxial geogrid for each direction [MD (0˚), MD (60˚) and MD (120˚)] were 
tested. The tests were conducted at a strain rate of 2%/min using an Instron universal testing 
machine, Model 3367 (Figure 6.2), that has a capacity of 30 kN (Instron Pty Ltd 2017). All 
tests were carried out at the High Bay laboratories of the School of Civil, Mining, and 
Environmental Engineering, University of Wollongong, Australia. 
The average initial length of the triaxial geogrid samples of MD (0˚) was 213.5 mm. For the 
triaxial geogrid samples of MD (60˚) and MD (120˚), the average initial length was 220.2 and 
219.1 mm, respectively.  





Figure  6.2. Testing single triaxial geogrid rib. 
According to the test results obtained, the average maximum force of the tested geogrid 
samples of MD (0˚) was 609.8 N, for MD (60˚) and MD (120˚) was 625.4 N and 612.0 N, 
respectively. The average elongation of the tested geogrid samples at failure was 19.6 mm for 
MD (0˚). The average elongations for both MD (60˚) and MD (120˚) were 22.3 mm. More 
details of the test results of the triaxial geogrid samples are listed in Table 6.1. Also, the stress 
versus strain curves of the tensile testing results of typical triaxial geogrid samples for MD 
(0˚), MD (60˚) and MD (120˚) are shown in Figure 6.3. 





Figure  6.3. Tensile stress versus strain curves of typical triaxial geogrid samples 
The standard deviation (SD) of tensile testing results of the triaxial geogrid samples were 
calculated (Montgomery et al. 2004). As listed in Table 6.1, it can be seen that the maximum 
standard deviation of the force at the failure of the triaxial geogrid samples was 15.6 N for the 
single triaxial geogrid ribs of MD (0˚). The test results of triaxial geogrid samples are within 
the 20% specified with requirements of ASTM D6637/D6637M standard (ASTM 2015). 
6.4 Experimental work 
6.4.1 Test Matrix 
The drying shrinkage tests of HSC included preparing and testing three groups of concrete 
prism specimens having the dimensions of 75 × 75 × 280 mm. As presented in Table 6.2, the 
first group of specimens, Group HSU, included casting four unreinforced concrete specimens 
and taken as references. The second group of specimens, Group HSG, included casting four 



















Typical sample (0˚) 
Typical sample (60˚) 
Typical sample (120˚) 




consisted of casting four specimens reinforced with a double geogrid layer. The geogrid layer 
was placed at 37.5 mm from the surface of the specimen (at mid-depth of the specimen). 













Group HSU 4 HSU1, 2, 3, 4 
75 × 75 × 280 
 
HSC specimens 
reinforced with a single 
triaxial geogrid  
Group HSG 4 HSG1, 2, 3, 4 
Test results of 
Specimen  HSG2 
were rejected 
HSC specimens 
reinforced with a double 
triaxial geogrid   
Group HS2G 4 HS2G1, 2, 3, 4  
Note: HSC = high strength concrete; HSU = unreinforced high strength concrete specimens; HSG = high 
strength concrete specimens reinforced with a single triaxial geogrid layer; HS2G = high strength concrete 
specimens reinforced with a double triaxial geogrid layer. 
The configuration of the specimens was prepared according to AS 1012.8.4 standard (AS 
2015). The drying shrinkage tests of HSC were conducted by drying the specimens at a 
temperature of 28 ± 5˚ C and a relative humidity of 50 ± 10% for 98 days. The specimens 
were dried inside a control environmental chamber, which was designed and built in this 
study. 
The drying shrinkage measurements of the HSC specimens were collected for 98 days at 7-
day intervals, except for the age of 84 days, which was during the Christmas holidays. The 
first collecting day was at the age of 7 days and continued to the age of 98 days. The drying 
shrinkage measurements were collected using a vertical length comparator device for 
measuring the differences in the length of the specimens at different ages. 




6.4.2 Preparation of HSC 
As listed in Table 6.3, ordinary Portland cement, Type general purpose (GP) that confirmed to 
AS 3972 standard (AS 2010), was used at 968 kg/m
3
. Silica fume at a ratio of 132 kg/m
3 
as a 
supplementary cementitious material was used. The use of silica fume was to achieve the 
requirements of mechanical properties of HSC. Mazloom et al. (2004) reported that the silica 
fume could improve the compressive strength of concrete, but, at the same time, the silica 
fume does not have an influence on the total shrinkage of the concrete. This will highlight the 
role of geogrid reinforcement on the drying shrinkage behaviour of HSC in this study. 


































Quantity 968 132 400 340 190 210 6.5 0.2 
a
 C.M. stands for of the weight of the cementing materials, which included the ordinary Portland cement and 
silica fume. 
Coarse aggregate of a maximum size of 10 mm was used (400 kg/m
3
). The coarse aggregate 
was washed by clean water for several times before being used. This is to ensure the 
aggregate was clean from clay and suspension materials. Coarse sand having a particle size in 
the range of 0.1 to 0.5 mm was utilized (340 kg/m
3
). Fine sand (190 kg/m
3
) was also used. 
Superplasticiser, Type Sikament-NN (Sika Australia Pty Limited 2016), was used at 6.5 
ml/kg of cementing materials. The Sikament-NN superplasticizer is highly effective in 




improving the workability and placeability of fresh concrete and improving the compressive 
strength of concrete (Sika Australia Pty Limited 2007). 
The components of HSC were mixed with water to binder ratio of 0.2, as listed in Table 6.3. 
The HSC components were mixed using a pan mixer of 0.1 m
3
 capacity, which is located at 
the High Bay laboratories of the School of Civil, Mining, and Environmental Engineering, 
University of Wollongong, Australia. 
The mechanical properties of HSC were determined at the age of 28 days. The compressive 
strength of HSC was determined by testing three HSC cylinders having a diameter of 100 mm 
and a height of 200 mm. The HSC cylinders were cured by immersing them in water at a 
standard temperature of 23 ± 2˚ C for 28 days. The HSC cylinders were prepared and tested 
according to AS 1012.9 standard (AS 2014). The compressive strength of HSC, which 
represents the average compressive strength of three cylinders, was 69.13 MPa. 
The flexural strength of HSC was determined according to AS 1012.11 standard (AS 2000). 
The test was conducted for three prims of HSC having the dimensions of 100 × 100 × 500 
mm. The tests were implemented at a rate of loading of 1 MPa/min. The flexural strength of 
HSC obtained from testing three prisms was 6.18 MPa. Also, the indirect tensile strength of 
HSC was also determined by testing an HSC cylinder having a diameter of 100 mm and a 
length of 200 mm. The test was undertaken according to AS 1012.10 standard (AS 2000). The 
indirect tensile strength of HSC was 5.57 MPa. 




6.4.3 Preparation of HSC specimens 
Twelve moulds made from plywood were designed and built in this study to cast the HSC 
specimens. Plywood having a thickness of 17 mm was used. The faces of the plywood were 
smooth. This was to avoid the adhesion of the HSC specimens with the internal faces of 
plywood moulds. The plywood moulds had inside dimensions of 75 × 75 × 280 mm. 
To ensure placing of the geogrid layer at the required level of the HSC specimens reinforced 
with geogrid, the long side walls of the plywood moulds were fabricated to consist of two 
parts, upper and lower part, as shown in Figure 6.4 (a). Each part had a height of 37.5 mm, 
which was the mid-depth of the specimen. This was checked by measuring the depth of 
geogrid reinforcement during and after the test. 
The parts of the plywood moulds (walls and base) with the geogrid layer were fixed together 
firmly using steel bolts and nuts, Type carriage, as shown in Figure 6.4 (b). The bolts had a 
diameter of 6 mm and a length of 106 mm. This kind of bolts provided enough fixations in the 
head of the bolt with a lower effect on the height of the cast HSC specimens. Before casting 
the HSC, the inside faces of the plywood moulds were lubricated using liquid oil. This was 
done to make removing the HSC specimens easier without being damaged. 





Figure  6.4. Placing the triaxial geogrid layer in plywood moulds. (a) Long side of walls of the 
plywood moulds.  (b) A bolt and nut. 
The preparation of the HSC specimens also involved preparing the triaxial geogrid layers 
according to the requirements of BS EN ISO 10319 standard (BS EN ISO 1996) and ASTM 
D6637/D6637M standard (ASTM 2015). The requirements of preparing the triaxial geogrid 
samples included that the geogrid reinforcement should contain one complete element and the 
length of the outside of the ribs should be a minimum of 20% of the total length of the rib. As 
the width of the geogrid layer required for reinforcing the HSC specimens was 75 mm, 
therefore, during the preparation of the geogrid layer, one complete line of the triaxial geogrid 
element was provided, as shown in Figure 6.5 (a) and (b). 
Original gage length 
(250 mm) 
(a) (b) 





Figure  6.5. Plywood moulds of HSC specimens reinforced with triaxial geogrid. (a) With a 
single geogrid layer. (b) With a double geogrid layer. 
Gage studs made from stainless steel were used and screwed into a gage stud holder at the 
long ends of the specimens inside the face of the plywood moulds (AS 1012.13 2015). The 
diameter and length of steel studs were 6 and 22.5 mm, respectively. A 15 mm length of the 
gage stud was provided to be extended in the concrete. The original gage length of the HSC 
specimen, which is defined as the distance between ends of the gage studs measured from 
inside the specimen, was maintained at precisely 250 mm, as shown in Figure 6.4 (a). This 
length was required for calculating the drying shrinkage strains of HSC specimens (AS 
1012.13 2015). 
On the demolding day, all HSC specimens were checked to ensure the surfaces of the 
concrete were smooth and satisfied the requirements of AS 1012.8.4 standard (AS 2015). All 
HSC specimens achieved these requirements, except Specimens HSG1 and HSG2 (Table 6.2). 
(a) (b) 
One completed triaxial 
geogrid element 
One completed triaxial 
geogrid element 




These specimens (HSG1 and HSG2) had macro defects on their long side walls, which may 
have influenced the test results. 
These specimens (Specimens HSG1 and HSG2) were treated by filling the surface defects with 
fresh mortar (cement, fine sand, and water). However, the test results of Specimen HSG1 
obtained during the testing time were accepted because they were close to the theoretical 
calculations. The results of Specimen HSG2 were rejected because the variation of the drying 
shrinkage results was not stable, as shown in Table 6.2. 
Finally, each plywood mould and HSC specimen was marked using a printed label and a pen 
marker, respectively. The labelling system used included the abbreviation of High Strength 
(HS), state of reinforcement used (U for unreinforced, G for reinforced with a single geogrid 
layer, 2G for reinforced with a double geogrid layer), and followed the relevant number of 
each specimen in each group, as listed in Table 6.2. For example, Specimen HS2G1 refers to 
Specimen No. 1, which was cast using high strength concrete and reinforced with a double 
layer of geogrid. Marking of specimens was important. This was to specify the relevant 
specimens according to the state of reinforcement and to keep the specimens in the same 
situation during measuring the drying shrinkage of the HSC specimens. 




6.4.4 Preparation of Control Environmental Chamber 
In this study, a control environmental chamber, which is called the chamber hereafter, having 
the dimensions of 850 × 950 × 2200 mm, was built in the structural laboratory, School of 
Civil, Mining and Environmental Engineering, University of Wollongong, Australia. 
The walls of the chamber were made of metal and covered with a thick wool blanket, as 
shown in Figure 6.6 (a). This was done to keep the temperature and relative humidity within 
the required range. The top of the chamber was covered by two doors made of glass. The 
glass doors were fixed with the frame of the chamber using four rollers for each door. The 
glass of the doors facilitated continuously monitoring the specimens and the environmental 
devices during the testing time. 
  
Figure  6.6. Drying HSC specimens. (a) Control environmental chamber. (b) Placing the HSC 
specimens in the control environmental chamber. 
Fan 
Dehumidifiers 
HSC Specimens  





Thick wool blanket 
Glass window 
(a) (b) 




The temperature of the chamber was kept within the required range of 28 ± 5˚ C during the 
testing time using a fan heater. The fan heater was connected to the electric power through a 
digital thermostat plug, Model TH-810T (Reduction Revolution Group 2017). The digital 
thermostat plug operates the fan heater automatically based on the set up of the required 
temperature. When the temperature inside the chamber becomes lower than 23˚ C, the fan 
heater operates until the temperature inside the chamber becomes higher than 24˚ C and the 
fan heater automatically turns off. When the temperature of the chamber becomes more than 
33˚ C, the glass doors of the chamber were opened, and an extra fan (outside of the chamber) 
was manually operated. 
The relative humidity of the chamber was controlled by providing two dehumidifiers inside 
the chamber (Dēlonghi 2017). As shown in Figure 6.6 (b), these dehumidifiers helped to 
maintain the relative humidity of the chamber within the required range (50 ± 10%) during the 
testing time. 
A steel tray was placed inside the chamber which contained a piece of hessian. The steel tray 
was continuously filled with water. This procedure appropriately ensured maintaining the 
relative humidity inside the chamber to be within the range. A monitor, Model 5100-240, was 
used to read the relative humidity of the chamber during the testing time (Electro-Tech 
Systems 2017). According to the readings of this monitor, the relative humidity of the 
chamber was kept within the range of 50 ± 10% during the testing time. 




The environmental treatments, which included the fan heater and two dehumidifiers, were 
effective in keeping the temperature and relative humidity inside the chamber within the 
required level. This was proved through the readings, which were collected daily, except on 
the days of weekends and public holidays, using the measuring devices supplied for this 
purpose. The collected readings illustrated that the range of the temperature and relative 
humidity were between 28 ± 5˚ C and 50 ± 10%, respectively. 
A 250 Volt electric fan (Model F-303TA) having a diameter of 300 mm was supplied inside 
the chamber (National Company 2017). The electric fan provided a light air circulation 
around the specimens. The environmental devices were arranged to provide as uniform as 
possible drying conditions inside the chamber, as shown in Figures 6.6 (b) and 6.7. 
 
All dimension in millimetres 
Figure  6.7. Side view section of the control environmental chamber. 




6.4.5 Curing and Testing HSC Specimens 
On the casting day, the initial curing stage of the HSC specimens started with storing the HSC 
specimens in a cupboard for 24 hours, as shown in Figure 6.8. The cupboard, which was a 
modified fridge, was used to keep the HSC specimens within a relative humidity greater than 
90%. 
After 24 hours, the standard moist curing stage of the HSC specimens started with immersing 
the HSC specimens in water, with a temperature of 23 ± 2˚ C for 6 days. The standard moist 
curing stage was carried out after removing the HSC specimens from their moulds. The first 
and second curing stages were adopted to reduce as much as possible the effect of early age 
shrinkage behaviour of HSC (AS 1012.8.4 2015). 
 
Figure  6.8. Cupboard for initial curing stage. 




The primary testing time of the HSC specimens started at the age of 7 days and continued to 
the age of 98 days. The 98 day testing time was selected to provide enough time to monitor 
and evaluate the effect of geogrid reinforcement on the drying shrinkage of HSC. 
The drying shrinkage tests of the HSC specimens were conducted by keeping the HSC 
specimens in the chamber (Figure 6.6) under a temperature of 28 ± 5˚ C and a relative 
humidity of 50 ± 10% for 98 days. All measurements were conducted just outside the 
chamber. This was to reduce the influence of ambient conditions on the shrinkage behaviour 
of the HSC specimens during collecting the data. 
The drying shrinkage measurements were collected using a vertical length comparator device. 
The vertical length comparator device was supplied with a digital dial gage, Type Mitutoyo, 
and had an accuracy of 0.001 mm (Mitutoyo Corporation 2017). 
6.5 Results and discussion 
6.5.1 Drying Shrinkage Strains 
Drying shrinkage strains of the HSC specimens of Groups HSU, HSG, and HS2G were 
determined and evaluated. The changes of the lengths of the HSC specimens were firstly 
calculated by subtracting the length measurements of the HSC specimens at each time of the 
collecting day from the initial length measurement of the HSC specimen, which was at the 
age of 7 days. The drying shrinkage strains were calculated by dividing the changes of the 




lengths of the HSC specimens, as mentioned above, by the original gage length of the HSC 
specimen (250 mm). The results of the drying shrinkage strains obtained represent the average 
of five drying shrinkage readings for each HSC specimen for each group obtained at each 
collecting day. 
The drying shrinkage strains versus testing time curves are presented in Figure 6.9. From this 
figure, it can be seen that the drying shrinkage strains of the specimens of Groups HSG and 
HS2G are lower than that of the specimens of Group HSU in the range of 10 to 45% during 
the testing time. From the same figure, the development of drying shrinkage resistance of the 
HSC specimens reinforced with geogrid continuously increased with the progress of the 
testing time. The reason could be that, with the progress of hydration process of the concrete, 
the concrete gradually gains its stiffness. At the appropriate stiffness level, the bond between 
the surrounding HSC and the geogrid layer increased. Therefore, the geogrid layer will 
effectively behave as a shrinkage-reducing layer for HSC. 
 































From Figure 6.9, it can be seen that the specimens of Group HS2G have a lower influence in 
reducing the drying shrinkage strains of HSC in comparison with the specimens of Group 
HSG. This occurred between the testing times of 28 days to 87 days. The reason may be due 
to the HSC specimens reinforced with a double geogrid layer contained a higher percentage of 
pores and voids, which were formed between both layers of the geogrid. Therefore, the HSC 
specimens reinforced with a double geogrid layer have needed a longer time before it was 
activated with the drying shrinkage movements of the HSC. The convergence in the effect of 
the geogrid in resisting the drying shrinkage strains of the specimens of Groups HSG and 
HS2G after the drying period of 87 days may support this explanation. 
After the age of 87 days, the general trend of the drying shrinkage strains for all HSC 
specimens started to reduce. This may be because the effect of environmental drying 
conditions within the temperature of 28 ± 5˚ C and the relative humidity of 50 ± 10% on the 
drying shrinkage of HSC specimens gradually reduces.  
It should be mentioned that, at the early age of testing time (7 to 14 days), the specimens of 
Groups HSU, HSG, and HS2G slightly expanded, as shown in Figure 6.10. It was not more 
than 1% of the total of the thermal movements of the HSC specimens. 





Figure  6.10. Early age thermal strains of HSC. 
The specimens of Groups HSG and HS2G showed higher expansion than those of the 
specimens of Group HSU (Figure 6.10). This is possibly related to the amount of confined 
water in the pores and voids of the HSC specimens, which increased between the surrounding 
fresh concrete and the geogrid layers during casting the concrete. 
However, it can be mentioned that the geogrid reinforcement had a noticeable influence in 
reducing the drying shrinkage strains of HSC when used as a drying shrinkage-reducing 
material. 
6.5.2 Rates of Drying Shrinkage Strains 
Rates of the drying shrinkage strains of the specimens of Groups HSU, HSG and HS2G are 



























determined by dividing the drying shrinkage strains of the HSC specimens to the testing 
period specified between every two collecting days.  
 
Figure  6.11. Rates of drying shrinkage strains of HSC. 
During the whole testing time, the rates of drying shrinkage strains of the specimens of Group 
HSU were higher than those of the specimens of Groups HSG and HS2G by about 54 %/day 
at the age of 35 days and 7 %/day at the age of 77 days. This illustrates that the efficiency of 
geogrid reinforcement in reducing the rates of drying shrinkage strains of HSC may depend 
on the degree of progress of the hydration in the concrete. The evidence is that the differences 
between the rates of drying shrinkage strains of the specimens of Group HSU and the 
specimens of Groups HSG and HS2G were mostly decreased, during the progress of testing 
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For the specimens of Groups HSG and HS2G, the effect of the number of geogrid layers used 
on the rates of drying shrinkage strains was recognized with a fluctuation trend. At the age of 
28 days, the rates of drying shrinkage strains of the specimens of Group HSG was higher than 
that of the rates of drying shrinkage strains of the specimens of Group HS2G by about 11%. 
While the rates of shrinkage strains of the specimens of Group HS2G was higher than that of 
the specimens of Group HSG by about 5% at the age of 98 days. 
It can be concluded that the percentage of voids formed between the layers of the geogrid 
reinforcement of the specimens of Group HS2G was higher than the specimens of Group 
HSG. Therefore, these voids may have led to shrinking the HSC at a higher rate. At the end of 
testing time (98 days), the rates of drying shrinkage strains of the specimens of Groups HSG 
and HS2G were conducted with low rates. 
6.6 Conclusions 
Twelve prism specimens were prepared to investigate the effect of geogrid reinforcement on 
the drying shrinkage behaviour of HSC, which were dried under a temperature of 28 ± 5˚ C 
and a relative humidity of 50 ± 10% for 98 days. According to the test results obtained, the 
following main points can be drawn 
1. Geogrid reinforcement can improve the durability of high strength concrete pavements in 
terms of reducing the drying shrinkage strains in the range of 10 to 45% when subjected 
to ambient environmental conditions. 




2. For high strength concrete specimens reinforced with geogrid, in general, the drying 
shrinkage strains will occur at a rate lower than that of unreinforced concrete specimens in 
the range of 7 to 54 %/day. 
3. The effect of geogrid reinforcement in reducing the drying shrinkage strains of HSC is 
increased with the progress of hydration process of the concrete. 
4. Increasing the number of geogrid layers seems not to have an effect on the drying 
shrinkage for high strength concrete. 
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The effect of triaxial geogrid on the drying shrinkage of high strength concrete was 
experimentally studied. Nine high strength concrete prism specimens which were reinforced 
with one layer or two layers of triaxial geogrid were prepared. The concrete prism specimens 
were tested by drying them within ambient conditions in the controlled environmental 
chamber for 98 days. The results of geogrid reinforced concrete prism specimens were 
compared with the results of unreinforced concrete prism specimens. Test results obtained 
illustrate that, under the controlled drying conditions, the geogrid can slightly reduce the 
drying shrinkage strains of the concrete pavements.  
It should be mentioned that, during the drying shrinkage tests of normal strength concrete 
specimens (Chapter 5) and high strength concrete specimens (Chapter 6), the temperature and 
relative humidity were different. This happened because changing the controlled 
environmental chambers, which were used for curing the specimens of the drying shrinkage, 
as mentioned above in both chapters. 
For comparison between the effect of geogrids in reducing the drying shrinkage of normal 
strength concrete prisms and high strength concrete prisms reinforced with one layer of 
geogrids which were measured at the age of 56 days, the test results indicated that the 
influence of geogrids in reducing the drying shrinkage of normal strength concrete was higher 
than the effect of geogrids in reducing the drying shrinkage of high strength concrete by about 
16%.  




In the next chapter, Chapter seven, the main conclusions and recommendation for future 
research works are suggested. 
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Reactive powder concrete (RPC) is recently applied in many transportation facilities. This is 
because the mechanical properties of RPC including compressive strength, flexural strength, 
and rupture strength are excellent, making it increasingly favourable in constructing various 
engineering structures such as rigid pavements, footway and sidewalk of bridges (Richard and 
Cheyrezy 1995; Dollaire & Aitcin 1997; Yan et al. 2004; Guangjie 2009; Liu et al. 2017). The 
barriers for the highways were built using RPC (Hattaloglu & Bakis 2017). It can be 
concluded that the RPC can be an interesting construction material for various highway 
applications. 
The RPC is prepared with a lower water to binder ratio, a considerable amount of silica fume, 
and without using coarse aggregates (Li & Chen 1994; Collepardi et al. 1997; Mostofinejad 
2016). The lower water to binder ratios and high content of silica fume make the structures 
built using RPC more likely to subjects to the risk of drying shrinkage and thermal expansion 
(Jainzhong & Jiaping 2009; Tam et al. 2012; Ahmad & Zubair 2014). Therefore, in this 
research study, the effect of geogrid materials as a reducing thermal movement was 
investigated. Three groups of RPC prims specimens, which were either unreinforced, 
reinforced with one layer of triaxial geogrid or reinforced with two layers of triaxial layers, 
were prepared and tested. 
 





The influence of geogrid on the thermal expansion of reactive powder concrete (RPC) was 
experimentally investigated. Eighteen RPC prisms having the dimensions of 75 × 75 × 280 
mm were tested at a temperature of 27 ± 4˚ C and a relative humidity of 50 ± 10% for 103 
days. Six RPC prims were unreinforced and taken as references. Six RPC prisms were 
reinforced with a single triaxial geogrid layer. The other six RPC prisms were reinforced with 
a double triaxial geogrid layer. The triaxial geogrid was placed at a depth of 37.5 mm from 
the surface of the RPC prism. Test results illustrate that the triaxial geogrid reinforcement 
significantly reduces the thermal expansion strains of RPC. In addition, the thermal expansion 
strains of RPC decrease with increasing the number of triaxial geogrid layers. An empirical 
equation was developed in this study for determining the thermal expansion strains of RPC 
reinforced with a single or a double triaxial geogrid layer. 
7.2 Introduction 
Reactive powder concrete (RPC) is a type of ultra-high performance concrete. The RPC is 
prepared from the components of Portland cement, silica fume, fine sand, superplasticiser and 
water (Daillaire et al. 1998; Matte & Moranville 1999; Guangjie 2009). The mechanical 
properties of RPC including compressive strength, flexural strength, and rupture strength are 
excellent, making it increasingly favourable in constructing various engineering structures 
(Richard & Cheyrezy 1995; Liu et al. 2017). For example, rigid pavements, footway and 




sidewalk of bridges were built using RPC (Dallaire & Aitcin 1997; Yan et al. 2004; Guangjie 
2009). The barriers for the highways were built using RPC (Hattatoglu & Bakis 2017). In 
addition, the RPC was used in building cooling towers of nuclear power plants (Dauriac 
1997). It can be concluded that the RPC can be an interesting construction material for 
various engineering applications during the next few years. 
The RPC is characterised as an ultra-dense microstructural material. This is because the RPC 
is prepared with a lower water to binder ratio, a considerable amount of silica fume, and 
without using coarse aggregates (Li & Chan 1994; Collepardi et al. 1997; Mostofinejad et al. 
2016). The preparation of RPC with lower water to binder ratios and a high content of silica 
fume make the RPC more likely to be subjected to the risk of thermal expansion and 
shrinkage deformations (Jianzhong & Jiaping 1995; Tam et al. 2012; Ahmad et al. 2014). 
Tazawa and Miyazawa (1995), Jiang et al. (2005) and Liu et al. (2011) reported that, at a ratio 
of water to binder of 0.17, the final shrinkage of RPC could be reduced. Loukili et al. (1999) 
illustrated that, for RPC between the ages of 1 day and 10 days, most autogenous shrinkage 
can take place. 
Mo et al. (2017) illustrated that the high content of silica fume makes the RPC prone to 
cracking at the early ages due to a combination of autogenous shrinkage and drying shrinkage. 
Ahmad et al. (2014) shared the conclusion of Mo et al. (2017) for the silica fume plus the high 
content of Portland cement. 




The curing conditions of RPC including the temperature and the pressure considerably 
influence the thermal behaviour of RPC (Yazici et al. 2008; Mostofinejad et al. 2016; Zdeb 
2017). The effect of curing conditions of RPC relates the balance between enhancing the 
interaction of micro-cementitious materials with the residual water in RPC. Zdeb (2017) 
illustrated that curing RPC within the autoclaving process at a temperature above 100˚ C and 
a pressure higher than 1 bar causes a reduction in the shrinkage of RPC. Helmi et al. (2016) 
investigated the thermal behaviour of RPC at a heat curing condition of 240
°
 C and a static 
pressure of 8 MPa for 24 hours. They reported that the 240
°
 C heat curing condition caused a 
formation of microcracks because of the shrinkage of RPC. Also, the 240
°
 C heat curing 
condition accelerated the propagation of microcracks in the RPC due to thermal expansion, 
volumetric expansion of the air and increased pressure within entrapped voids of RPC.  
Loukili et al. (1999) and Ahmad et al. (2014) illustrated that any lost amount of relative 
humidity of RPC due to the continuous hydration process of cement can cuase the autogenous 
shrinkage of RPC. While, the evaporation of moisture from RPC when subjected to ambient 
conditions can cause the drying shrinkage of RPC (Andrade et al. 1996; Zhang et al. 2003; 
Helmi et al. 2016). 
Mo et al. (2017) investigated the effect of granulated blast furnace slag on the shrinkage 
behaviour of RPC. They used the superabsorbent polymer as an internal curing material of 
RPC. Mo et al. (2017) illustrated that the granulated blast furnace slag with superabsorbent 
polymer could completely mitigate the autogenous shrinkage of RPC and even may lead to a 




net expansion. Meanwhile, they demonstrated that the compressive strength and flexural 
strength of RPC decrease with the addition of granulated blast furnace slag. Also, using a 
superabsorbent polymer as an internal curing material slightly reduces the compressive 
strength of RPC. Mo et al. (2017) illustrated that the drying shrinkage and mass loss of RPC 
significantly increase with the increase of granulated blast furnace slag contents. Other studies 
revealed that the granulated blast furnace slag exhibited higher drying shrinkage strain when 
the concrete and fineness of the granulated blast furnace slag increases (Shariq et al. 2016). 
The shrinkage behaviour of RPC reinforced with steel fibres was studied by Garas et al. 
(2008). Garas et al. (2018) illustrated through their experimental work that adding a 2% of 
steel fibres by volume to the RPC could reduce the autogenous shrinkage by about 42% and 
the drying shrinkage by about 50%. It should be mentioned that mixing the steel fibres with 
RPC components, especially at a high percentage of the fibres, can reduce the workability and 
compaction of RPC. 
As illustrated in the literature, there is an apparent disparity of the effect of curing conditions 
on the mitigation of the shrinkage behaviour of RPC. In general, curing RPC at high 
temperature and pressure may lead to drying shrinkage of RPC. In this study, geogrid was 
suggested as a thermal reducing material for RPC when subjected to ambient conditions. 
Geogrid as proved by several researchers such as Siva Chidambaram and Agarwal (2014) and 
Siva Chidambaram and Agarwal (2015a), Meski and Chehab (2014), Shobana and Yalamesh 
(2015) and Wang et al. (2015) can improve the mechanical properties of Portland cement 




concrete (PCC) members when used as a confinement or a reinforcement material. The 
compressive strength of concrete cylinders confined with geogrid can be improved. Siva 
Chidambaram et al. (2015a) reported that the energy dissipation could be increased and the 
ductility of PCC cylinders could be improved by two times with geogrid confinement as 
compared to the conventional PCC cylinders. For the steel fibre reinforced concrete beams 
confined with geogrid, Siva Chidambaram and Agarwal (2015b) illustrated that the number of 
geogrid layers plays an essential role in improving the load-deformation and crack 
propagation resistance of PCC beams. 
Al-Hedad and Hadi (2017) and Al-Hedad and Hadi (2018) studied the effect of triaxial 
geogrid reinforcement on the behaviour of PCC pavements through testing PCC slabs under 
static loads. They reported that, according to the ultimate loads, the geogrid reinforcement 
could increase the resistance of PCC pavements against the traffic loads and delay 
propagating the cracks in the PCC pavements. 
Al-Hedad et al. (2017) investigated the drying shrinkage of PCC prisms reinforced with 
triaxial geogrid and cured under ambient conditions for 56 days. Test results demonstrated 
that the drying shrinkage of PCC prisms could be reduced compared to unreinforced PCC 
prisms, especially at the age of 56 days. 
As a result, there is an interest in using geogrid as a structural reinforcing material for the 
PCC structures. For the reactive powder concrete applications, the geogrid reinforcement can 
play a noticeable role in reducing the thermal deformation of RPC. This is because the 




properties of RPC including the ultra-dense microstructure and high impermeability of the 
RPC provide a full bond between the geogrid layer and the surrounding of RPC. As a result, 
the short- and long-term durability of RPC structures can be improved. 
The present study involved designing and conducting an experimental program to highlight 
the influence of geogrid on the thermal expansion of reactive powder concrete prisms cured at 
the ambient conditions. To achieve the goal of this program, eighteen RPC prims were 
prepared and tested at a temperature of 27 ± 4˚ C and a relative humidity of 50 ± 10% for 103 
days. Six RPC prisms were reinforced with a single triaxial geogrid layer, and the other six 
RPC prisms were reinforced with a double triaxial geogrid layer. The test results of RPC 
prisms reinforced with the triaxial geogrid were compared with the test results of six 
unreinforced RPC prisms (references). 
7.3 Triaxial geogrid 
The properties of triaxial geogrid used in this study were determined according to the 
requirements of BS EN ISO 10319 (2015) and ASTM D6637/D6637M (2015). The triaxial 
geogrid was manufactured from polypropylene composite materials. It had equilateral 
openings with a side length of 35 mm. The depth and width of the midrib of the triaxial 
geogrid were 1.53 × 1.55 mm, respectively. The nodes, which are the connection points of the 
ribs of the triaxial geogrid, had a thickness of 3.94 mm and a diameter of 10.5 mm. The 
measurements of the ribs and the nodes of the triaxial geogrid were determined using a digital 
vernier gauge having an accuracy of 0.01 mm. 




The properties of the triaxial geogrid were determined by testing ten triaxial geogrid 
specimens under uniaxial tensile tests. As shown in Figure 7.1, the triaxial geogrid specimens 
were tested in the machine direction relative to the width of the geogrid roll. Five triaxial 
geogrid specimens were tested with a single layer (Specimens MD). The other five triaxial 
geogrid specimens were tested with a double layer (Specimens 2MD). The tests of triaxial 
geogrid specimens were conducted at a strain rate of 20%/min. The uniaxial tensile tests of 
the triaxial geogrid specimens were performed at the laboratories of the School of Civil, 
Mining and Environmental Engineering, University of Wollongong, Australia. The instron 
universal testing machine, Model 8033, having a capacity of 500 kN was used for testing the 
triaxial geogrid specimens (Instron Pty Ltd 2017). 
 
Figure  7.1. Uniaxial tensile test of triaxial geogrid specimens 
As listed in Table 7.1, the average initial length of Specimens MD was 106 mm. The average 
initial length of Specimens 2MD was 111 mm. The average widths of Specimens MD and 
2MD were 220 mm and 223 mm, respectively. The dimensions of the triaxial geogrid 
Steel clamps 




specimens for the single and the double triaxial geogrid layer satisfied the requirements of BS 
EN ISO 10319 (2015). 
Table  7.1. Properties of triaxial geogrid (average of five specimens) 
Property 
Property 
Specimens MD Specimens 2MD 
Initial length (mm) 106 111 
Width (mm) 220 223 
Maximum tensile force (kN) 5.0 9.0 
Strain at maximum tensile force (%) 14.8 16.1 
Secant stiffness at 2% strain (kN/m/strain%) 3.0 5.3 
MD and 2MD represent the single and double triaxial geogrid layer tested in the 
machine direction relative to the width of the geogrid roll, respectively. 
As shown in Figure 7.1, the triaxial geogrid specimens were firmly fixed using two steel 
clamps (Al-Hedad and Hadi 2018). The triaxial geogrid specimens were fixed to the steel 
clamps by using steel bolts. Each steel bolt had a diameter of 8 mm and a length of 22 mm. 
The number and the arrangement of the steel bolts used in the steel clamps were suitable for 
conducting the uniaxial tensile tests of the triaxial geogrid specimens without any excessive 
slippage taking place. 
Test results of the triaxial geogrid specimens, as listed in Table 7.1, represent the average of 
the test results of five triaxial geogrid specimens for Specimens MD and 2MD. The test 
results illustrate that the average maximum tensile force of Specimens MD was 5.0 kN and 
9.0 kN for Specimens 2MD. The average strains of Specimens MD and 2MD at the maximum 
tensile force were 14.8% and 16.1%, respectively. 




At strain of 2%, the average secant stiffness of Specimens MD was 3.0 kN/m/strain%. The 
average secant stiffness of Specimens 2MD was 5.3 kN/m/strain%. The maximum tensile 
forces and the strains at the maximum tensile forces of Specimens MD and 2MD satisfied the 
recommendations of BS EN ISO 10319-2015 [38] and ASTM D6637/D6637M (2015). Figure 
7.2 shows the tensile force per unit width versus strain curves of the typical of Specimens MD 
and 2MD. 
In this study, the RPC specimens were reinforced by placing the triaxial geogrid in the 
machine direction. The placement of the triaxial geogrid in the machine direction provided 
two lines of complete tensile elements along the length of the RPC prisms.  
 






























Typical of Specimens MD
Typical of Specimens 2MD




7.4 Mix design of RPC 
The mix design of RPC used in this study is based on the one reported by Al-Tikrite and Hadi 
(2017). The RPC was mixed in the laboratories of the School of Civil, Mining, and 
Environmental Engineering, University of Wollongong, Australia. The RPC was prepared by 
mixing ordinary Portland cement, Type general purpose (GP) (955 kg/m
3
), an amorphous 
high grade densified silica fume (229 kg/m
3
) (Synergy Pigments 2017), fine natural sand 
having a size of 600 μm and a specific gravity of 2.65 (974 kg/m
3
), water reducer and retarder 
(52.6 L/m
3
). The ratio of the added water to binder was 0.133. The mix design of RPC is 
summarised in Table 7.2 (Synergy Pigments 2017). The chemical and physical compositions 
of the silica fume are listed in Table 7.3 (Al-Tikrite and Hadi 2017). 
Table  7.2. Mix design of RPC (Syntron Packer 2017). 
Material Quantity Unit 
Ordinary Portland Cement (Type 




Densified silica fume 229 kg/m
3
 
Fine natural sand (600 μm of size) 974 kg/m
3
 






Water / Binder 0.133 - 




Table  7.3. Chemical and physical compositions of the silica fume (Al-Tikrite and Hadi 2017). 
Physical analysis, ASTM C1240-05 (2005) 
Property Result Property Result 
Silicon as SiO2, % 93.16 Oversize % retained 45 micron, % 3.23 
Moisture Content, % 0.232 Oversize variation % point from, % 2.01 
Loss on Ignition, % 3.0 Pozzolanic Activity Index (7days), % 123 
Fe2O3, % 0.11 Surface Area, m
2/kg 22.00 
Al2O3, % 0.82 Relative Density (Bulk Density), kg/cm
3 660 
Chemical analysis, ASTM C1240-05 (2005) 
Property Result Property Result 
CaO, % 0.3 C, % 0.007 
MgO, % 0.62 SO3, % 0.004 
K2O, % 0.51 Free Si, % 0.007 
Na2O, % 0.43 Cl, % 0.003 
The ingredients of RPC were mixed using a concrete pan mixer having a capacity of 0.1 m
3
. 
The procedure followed in mixing the ingredients of RPC comprised placing the ingredients 
of RPC including the ordinary Portland cement, silica fume, and fine natural sand as dry 
materials in the concrete pan mixer (Al-Tikrite & Hadi 2017). The placed ingredients of RPC 
were mixed for about 4 minutes, followed by adding 80% of the water and 50% of the 
superplasticiser and mixing for about 5 minutes. The RPC mixture was remixed with the 
remaining 20% of water and 50% of superplasticizer until the RPC mixture formation as 
flocks. This stage of the mixing took a long time before forming the flocks. At this stage, the 
additional water was mixed with the additional superplasticiser by about 10% of the mix 
water volume and added to the RPC mixture. The RPC mixture was remixed until the flocks 
of RPC mixture started to form. 




After the flowability of the RPC mixture was appropriate for pouring, the prisms of RPC were 
cast carefully by pouring the RPC into the plywood moulds. A syntron vibrating table, Model 
VP-65B was used (Syntron Packer 2017). The compaction of RPC with the plywood moulds 
continued for 10 minutes until the surface of the RPC prisms was smooth. Finally, a steel float 
was used for the finishing works of the RPC prisms to ensure the surface of the RPC prisms 
was level and smooth as much as possible. 
7.5 Experimental program 
7.5.1 Preparation of RPC prisms 
The preparation of RPC prisms was conducted according to the requirements of AS 1012.8.4 
(2015) and AS 1012.13 (2015). As listed in Table 7.4, eighteen RPC prisms with the 
dimensions of 75 × 75 × 280 mm were prepared. The RPC prisms were classified into three 
groups. The RPC prisms of the first group, Group URPC, included six unreinforced RPC 
prisms and considered as references, as shown in Figure 7.3 (a). The second group, Group 
GRPC, consisted of six RPC prisms reinforced with a single triaxial geogrid layer, as shown 
in Figure 7.3 (b). The third group of RPC prisms, Group 2GRPC, included six RPC prisms 
reinforced with a double triaxial geogrid layer, as shown in Figure 7.3 (c). The triaxial 
geogrid layers were placed at the middle of the depth of the RPC prism at 37.5 mm. 




Table  7.4. Experimental program of RPC. 
Group  Label of group 
Number of 
prisms 
Label of prism 






Group URPC 6 URPC1,2,3,4,5,6 75 × 75 × 280  
RPC reinforced with a 
single geogrid layer 
Group GRPC 6 GRPC1,2,3,4,5,6 
75 × 75 × 280 
37.5 mm from 
the surface RPC reinforced with a 
double geogrid layer 
Group 2GRPC 6 2GRPC1,2,3,4,5,6 
      




Figure  7.3. Side view section of RPC prisms for groups of (a) Unreinforced (Group URPC), 
(b) Reinforced with a single triaxial geogrid layer (Group GRPC) and (c) 








The RPC prisms were cast using eighteen moulds made of plywood, as shown in Figure 7.4; 
having inside dimensions of 75 × 75 × 280 mm. The thickness of plywood used was 17 mm 
and had smooth surfaces. The smooth surafces of the plywood provided level and smooth 
surfaces for the RPC prisms. The triaxial geogrid was firmly fixed to the plywood moulds 
using steel bolts with a diameter of 6 mm and a length of 106 mm. The steel bolts were 
tightened with nuts. The inside of the plywood moulds was lubricated with oil. The oil was 
used to ensure the easy removal of RPC prisms from the plywood moulds without being 
damaged. 
   
(a)  (b)  (c)  
Figure  7.4. Plywood moulds for RPC prisms of (a) Unreinforced, (b) Reinforced with a single 
triaxial geogrid layer and (c) Reinforced with a double triaxial geogrid layer. 
For the RPC prisms reinforced with the triaxial geogrid, the long side walls of the plywood 
moulds were made from two parts. Each part had a height of 36.5 mm. The two parts of the 
long side walls of the plywood moulds guaranteed placing the triaxial geogrid layer at the 
required level. 
Gauge stud Single triaxial geogrid 
layer 
























Two gauge studs made of stainless steel having a length of 22.6 ± 0.1 mm and a diameter of 6 
mm were fixed at the long ends of the RPC prisms, as shown in Figures 7.3 and 7.4. The 
gauge studs were fixed by screwing them at the gauge stud holders. The gauge stud holders 
were made at the long ends of the plywood moulds from the inside. The distance between the 
ends of the gauge studs from the inside of a RPC prism was precisely 250 mm, called original 
effective length (Figure 7.4). A 15 mm of the length of the gauge studs was kept inside the 
RPC prism (Figure 7.3). The 15 mm minimum length was enough to firmly fix the gauge 
studs in the RPC prisms. The gauge studs were undertaken as reference points during 
measuring the thermal expansion of RPC prisms.  
The mechanical properties of RPC at the age of 28 days were determined by casting six 
cylinder and three prism samples from the same batch of RPC. The RPC samples were 
initially kept in the laboratory for 1 day within the ambient conditions. At the age of 1 day, 
the RPC samples were cured by immersing them in water with a standard temperature of 23 ± 
2˚ C for 27 days. 
7.5.2 Curing of RPC prisms  
The RPC prisms were cured at two stages. The initial curing stage of the RPC prisms started 
at the casting day by placing the RPC prisms with their plywood moulds in a controlled 
environmental cupboard, as shown in Figure 7.5. The initial curing stage of the RPC prisms 
continued for 1 day. The controlled environmental cupboard included an air fan and a plastic 
tray. The air fan was supplied to slightly circulate air around the RPC prisms. A piece of 




hessian cloth was placed in the plastic tray. The plastic tray was filled with water. The air fan 
with plastic tray kept a relative humidity of the controlled environmental cupboard within 92 
± 2% during the initial curing stage (1 day).  
 
Figure  7.5. A controlled environmental cupboard. 
After the initial curing stage, the RPC prisms were removed from the plywood moulds. No 
surface defects were observed in the surfaces of the RPC prims, indicating the casting and 
compaction works were appropriate. 
The second curing stage of the RPC prisms, called moist curing condition, started at the age 
of 1 day. The moist curing condition of the RPC prisms continued for 3 days. It was carried 
out by immersing the RPC prisms in water with a standard temperature of 23 ± 2˚ C. The aim 
of immersing the RPC prims in the water was to mitigate the effect of autogenous shrinkage 
Air fan Hessian cloth 
RPC prisms 




on the RPC prisms as reported by Laukili et al. (1999). According to the test results, the 
autogenous shrinkage did not occur for the RPC prisms. 
7.5.3 Testing of RPC prisms 
The investigation of the effect of geogrid reinforcement on the thermal expansion of RPC 
started at the age of 4 days. The thermal expansion tests of the RPC were performed by 
placing the RPC prisms inside the controlled environmental chamber, called testing chamber 
hereafter. As shown in Figure 7.6, the testing chamber, as reported by Al-Hedad et al. (2018), 
had the dimensions of 850 × 950 × 2200 mm. The walls of the testing chamber were covered 
with a thick wool blanket. The thick wool blanket was used to maintain the temperature and 
relative humidity of the testing chamber within the required range. The top of the testing 
chamber was covered with two glass doors to facilitate monitoring the RPC prisms and 
environmental devices during the testing time. 
 
Figure  7.6. The controlled environmental chamber (testing chamber). 
Testing of RPC prisms 




The temperature was adequately controlled in the testing chamber by using a fan heater. The 
fan heater had a diameter of 75 mm and required a power of 2200 W. It was connected to 
electric power through a digital thermostat plug, Model TH-810T (Reduction Revolution 
Group 2017). The digital thermostat plug was set up within the required range of temperature 
(27 ± 4˚ C). When the temperature of the testing chamber dropped to below 23˚ C, the fan 
heater automatically turned on until the temperature of the testing chamber increased to be 
higher than 24˚ C. When the temperature of the testing chamber increased more than 31˚ C, 
the glass doors of the testing chamber were manually opened, and an extra air fan was turned 
on until the temperature of the testing chamber decreased to lower than 31˚ C. 
The relative humidity of the testing chamber was controlled within the range of 50 ± 10% 
using two dehumidifiers (Dēlonghi 2017). The dehumidifiers continued working during the 
whole testing time. A steel tray with a piece of hessian cloth was placed in the testing 
chamber. The steel tray was filled with water. The temperature and relative humidity of the 
testing chamber were monitored daily, except for the public holidays, weekends and 
Charismas day. According to the collected readings of the temperature and relative humidity, 
the RPC prisms were tested within the temperature of 27 ± 4˚ C and the relative humidity of 
50 ± 10% during the whole testing time. 
Within the temperature of 27 ± 4˚ C and the relative humidity of 50 ± 10%, the RPC prisms 
expanded. This may be because the voids and capillary pores in the RPC were filled with 
water while being immersed in water during the moist curing condition (second curing stage) 




for 3 days. Over the testing time, the water was confined in the voids and capillary pores, 
which probably led to the expansion of the RPC prisms. Furthermore, the temperature of 27 ± 
4˚ C and the relative humidity of 50 ± 10% may not have the ability to make the confined 
water running away from the voids of the RPC prisms. 
7.5.4 Measurements of thermal expansion of RPC prisms  
The measurements of the thermal expansion of RPC prisms were carried out by measuring the 
changes in the lengths of the RPC prisms during the testing time (103 days). The changes in 
the lengths of the RPC prisms were measured using a vertical length comparator device, as 
shown in Figure 7.7. The vertical length comparator device included a digital dial gauge 
having an accuracy of 0.001 mm. The vertical length comparator device was calibrated using 
a reference sample and a reference bar (Figure 7.7). The process of calibration of the vertical 
length comparator device was repeated for each group of RPC prisms. 
 
Figure  7.7. Vertical length comparator device. 












The initial measurements of the thermal expansion of RPC prisms were undertaken at the age 
of 4 days. The second measurements of the thermal expansion of RPC prisms were 
undertaken at the age of 7 days and continued every 7-days up to the age of 98 days. The last 
measurements of the thermal expansion of the RPC prisms were collected at the age of 103 
days. The total testing time of the RPC prisms was 103 days. The thermal expansion 
measurements of the RPC prisms were repeated five times for each RPC prism per each group. 
7.6 Test results 
7.6.1 Mechanical properties of RPC 
Three RPC samples (S1, S2 and S3) were tested to determine the mechanical properties of 
RPC at the age of 28 days. The compressive strength of RPC was determined according to AS 
1012.9 (2014) by testing three RPC cylinder samples with a diameter of 100 mm and a depth 
of 200 mm, as shown in Figure 7.8 (a). The tests of compressive strength of the RPC cylinder 
samples were carried out at a rate of 17.5 strain%/min. The average compressive strength of 
RPC was 92.1 MPa (Table 7.5). The indirect tensile strength of RPC was determined 
according to AS 1012.10 (2014) by testing three cylinder samples with a diameter of 100 and 
a length of 200 mm, as shown in Figure 7.8 (b). The average indirect tensile strength of RPC 
was 6.3 MPa. The flexural strength of RPC was determined by testing three RPC prism 
samples with the dimensions of 100 × 100 × 500 mm according to the requirements of AS 
1012.11 (2014), as shown in Figure 7.8 (c). The average flexural strength of RPC was 14.2 
MPa (Table 7.5). 








Test results, MPa 
Average, MPa 
S1 S2 S3 
Compressive strength  [49] 3 82.8 101.0 92.5 92.1 
Indirect tensile strength [50] 3 6.0 7.1 5.9 6.3 
Flexural strength [51] 3 15.0 13.3 14.2 14.2 
S1, S2 and S3 represent the RPC samples tested to determine the mechanical properties of 
RPC at the age of 28 days. 
 
   
(a) (b) (c) 
Figure  7.8. Mechanical tests of RPC samples for (a) Compressive strength, (b) Indirect tensile 
strength and (c) Flexural tensile strength. 
7.6.2 Thermal expansion strains of RPC prisms 
The thermal expansion strains of the RPC prisms of Groups URPC, GRPC and 2GRPC are 
shown in Figure 7.9. The thermal expansion strains of RPC prisms were determined by 
dividing the changes of the lengths of the RPC prisms by the original effective length (250 
mm). The thermal expansion strains of RPC prisms shown in Figure 7.9 represent the average 
thermal expansion strains of five readings per each RPC prism per each group. 




As shown in Figure 7.9, the RPC prisms of Groups GRPC and 2GRPC showed lower thermal 
expansion strains during the whole testing time compared to the thermal expansion strains of 
the RPC prisms of Group URPC. Between the ages of 4 to 21 days, the thermal expansion 
strains of the RPC prisms of Groups GRPC and 2GRPC were lower than that of the thermal 
expansion strains of the RPC prisms of Group URPC by about 12%. Within the ages of 4 to 
21 days, the effect of a single and double triaxial geogrid layer in reducing the thermal 
expansion strains of RPC prisms was the same. This may be because the degree of the 
hardening of RPC prisms was not entirely completed to highlight the effect of the number of 
the triaxial geogrid layer used.  
 
Figure  7.9. Test results of thermal expansion strains of RPC prisms. 
After the age of 21 days, the thermal expansion strains of the RPC prisms of Group GRPC 
was lower than that of the thermal expansion strains of the RPC prisms of Group URPC by 
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strains of the RPC prisms of Group GRPC continued up to the age of 91 days. Afterwards, the 
RPC prisms of Groups URPC and GRPC had approximately the same thermal expansion 
strains (Figure 7.9). This may relate to the equilibrium state of the hydration process and 
silica fume reactions with the environmental conditions provided for the RPC prisms during 
the testing time. 
From the age of 21 days up to the age of 103 days, the thermal expansion strains of the RPC 
prisms of Group 2GRPC were lower than that of the thermal expansion strains of the RPC 
prisms of Group URPC by about 24%, as shown in Figure 7.9. In addition, the thermal 
expansion strains of the RPC prisms of Group 2GRPC was lower than that the thermal 
expansion strains of the RPC prisms of Group GRPC by about 20%. It can be concluded that 
the thermal expansion strains of RPC prisms decreases with increasing the number of the 
embedded triaxial geogrid layer. At the end of the testing time (103 days), the effect of the 
double triaxial geogrid layer in resisting the thermal expansion strains of RPC prisms was 
slightly reduced. 
It can be mentioned that the triaxial geogrid had a significant influence in mitigating the 
thermal expansion strains of RPC prisms during the whole testing time. The significant 
influence of the triaxial geogrid in mitigating the thermal expansion strains of the RPC may 
come from an excellent bond provided between the triaxial geogrid layer and the surrounding 
of RPC. In spite, the stiffness of RPC was not completely gained until the age of 21 days; the 
triaxial geogrid had shown an acceptable resistance of the thermal expansion strains at the 




early age of the RPC prisms (21 days). It can be illustrated that, in uncontrolled 
environmental conditions, the triaxial geogrid can be feasible material in reducing the 
excessive thermal strains of the structures built using RPC. 
7.6.3 Rate of thermal expansion of RPC 
The rate of thermal expansion of the RPC prisms of Groups URPC, GRPC and 2GRPC was 
determined by dividing the thermal expansion (mm) of the RPC prisms by periods of the 
testing of the RPC prisms (day), at the ages of 28, 49, 70 and 103 days. As shown in Figure 
7.10, the rate of thermal expansion of the RPC prisms of Groups URPC, GRPC and 2GRPC 
reduced with the progress of the thermal expansion tests of the RPC. The RPC prisms started 
with a high rate of thermal expansion at the age of 28 days. After the age of 28 days, the rate 
of thermal expansion of the RPC prisms considerably decreased by about 76%. 
 



































During the testing time, the rate of thermal expansion of the RPC prisms of Groups GRPC 
and 2GRPC was lower than that the rate of thermal expansion of the RPC prisms of Group 
URPC. Except at the end of the age of the testing time (103 days), the rate of thermal 
expansion of the RPC prisms of Group URPC was slightly lower than that the rate of thermal 
expansion of the RPC prisms of Group GRPC by about 14% and lower than that the rate of 
thermal expansion of the RPC prisms of Group 2GRPC by about 22%. The reason may be 
related to the RPC prisms were still holding moisture in the voids and pores of the RPC 
prisms reinforced with the triaxial geogrid. Therefore, the rate of thermal expansion of the 
RPC prisms reinforced with geogrid at the age of 103 days took place at a high level. 
7.7 Prediction of thermal expansion strains of RPC reinforced with geogrid 
An empirical equation was developed using a simple linear regression model. The developed 
model can be used to predict the thermal expansion strains (𝜀𝑒𝑥𝑝.𝑅𝑃𝐶) of RPC reinforced with 
a single or double triaxial geogrid layer curing within the ambient conditions. 
The developed model represents a 35% reduction of the thermal expansion strains of the RPC 
reinforced with a single triaxial geogrid layer and a 65% reduction of the thermal expansion 
strains of the RPC prisms reinforced with a double triaxial geogrid layer, as shown in Figure 
7.9. These percentages (35% and 65%) were selected depending on the effect of the single 
and the double triaxial geogrid layer in reducing the thermal expansion strains of RPC, as 
mentioned in Section 7.5.2.  




As shown in Eq. (7.1), the developed model was built as a function of the ratio (𝛼) of secant 
stiffness in kN/m/strain% to the maximum tensile force in kN of the triaxial geogrid tested in 
the machine direction relative to the width of the geogrid roll, the testing time (𝑡) in day and 
the compressive strength of RPC (𝑓𝑅𝑃𝐶
′ ) at the age of 28 days in MPa: 
𝜀𝑒𝑥𝑝.𝑅𝑃𝐶 =  




where 𝐹𝑔𝑒𝑜𝑔 is an experimental factor, which was developed as a function of testing time in 
day and can be determined as follows: 
𝐹𝑔𝑒𝑜𝑔 =  0.37 × 𝑡 − 1.7569               when       4 < 𝑡 ≤ 14 (7.2a) 
     𝐹𝑔𝑒𝑜𝑔 =  1.6491 × 𝑡
0.2831                  when       14 < 𝑡 ≤ 103 (7.2b) 
Figure 7.9 demonstrates a good agreement between the thermal expansion strains determined 
from the developed model and test results. 
Table 7.6 and Figure 7.11 present the range of parameters of the developed model, which can 
be considered for Eqs. (7.1) and (7.2). The range of compressive strength of RPC, which is 
determined from testing RPC cylinders having a diameter of 100 mm and a height of 200 mm 
at the age of 28 days, is between 80 to 100 MPa. The secant stiffness at 2% strain of the 
triaxial geogrid tested in the machine direction relative to the width of the geogrid roll is 
between 3.75 and 4.70 kN/m/Strain%. The range of the maximum tensile forces is between 
6.0 and 8.2 kN. As shown in Figure 7.11, the thermal expansion strains of RPC reinforced 




with a single or double triaxial geogrid layer calculated from Eqs. (7.1) and (7.2) results in an 
error of data within the range of ± 10. 
Table  7.6. Range of parameters of developed model. 
Parameters Range 
Compressive strength (Cylinders at the age of 28 days) 
𝑓𝑅𝑃𝐶 
′   (MPa) 
80 < 𝑓𝑅𝑃𝐶
′  < 100 
Secant stiffness at 2% strain (MD and 2MD) 𝑆𝑔𝑒𝑜𝑔 
(kN/m/strain%) 
3.75 < 𝑆𝑔𝑒𝑜𝑔 < 4.70 
Maximum tensile force of triaxial geogrid (MD and 2MD) 
𝐹𝑔𝑒𝑜𝑔 (kN) 
6.0 < 𝐹𝑔𝑒𝑜𝑔 < 8.2 
𝑓𝑅𝑃𝐶
′  represents the compressive strength of RPC determined by testing RPC cylinders at the 
age of 28 days (MPa). 
𝑆𝑔𝑒𝑜𝑔 represents the secant stiffness of triaxial geogrid for a single or a double geogrid layer at 
2% strain (kN/m/strain%). 
𝐹𝑔𝑒𝑜𝑔 represents the maximum tensile force of triaxial geogrid for a single or double triaxial 
geogrid layer (kN). 
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Eighteen RPC prisms reinforced with a single or a double triaxial geogrid layer were tested 
within a temperature of 27 ± 4˚ C and a relative humidity of 50 ± 10% for 103 days. The test 
results clearly illustrate that the triaxial geogrid significantly reduces the thermal expansion 
strains of RPC when subjected to the ambient conditions. An empirical equation was 
developed for determining the thermal expansion strains of RPC reinforced with a single or a 
double triaxial geogrid layer. From the test results obtained, the following conclusions can be 
made: 
1. The triaxial geogrid reinforcement significantly reduces the thermal expansion strains of 
RPC prisms when subjected to the ambient conditions by about 18% lower than that of the 
references. 
2. The effect of triaxial geogrid reinforcement as a thermal expansion reducing material 
considerably appears at the early age of the RPC (between the age of 4 days and the age of 
21 days) and continues up to the age of 103 days. 
3. The thermal expansion strains of RPC significantly decreases with increasing the number 
of triaxial geogrid layers by about 20% lower than that the RPC reinforced with a single 
triaxial geogrid layer. 
4. The rate of thermal expansion of RPC reinforced with the triaxial geogrid was lower than 
that of the references during the whole testing time (103 days). 
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The effect of geogrid on the thermal expansion of reactive powder concrete (RPC) was 
experimentally investigated. Eighteen RPC prisms having the dimensions of 75 × 75 × 280 
mm were tested at a temperature of 27 ± 4˚ C and a relative humidity of 50 ± 10% for 103 
days. In total, eighteen RPC prisms, which were six RPC prims were unreinforced, six RPC 
prisms were reinforced with a single triaxial geogrid layer and the other six RPC prisms were 
reinforced with a double triaxial geogrid layer, were tested. Test results illustrate that the 
triaxial geogrid reinforcement significantly reduces the thermal expansion strains of RPC. In 
addition, the thermal expansion strains of RPC decrease with increasing the number of triaxial 
geogrid layers. An empirical equation was developed in this study for determining the thermal 
expansion strains of RPC reinforced with a single or a double triaxial geogrid layer. 
In the next chapter, Chapter seven, the main conclusions and recommendation for future 
research works are suggested. 









8. CHAPTER EIGHT: Conclusion and Recommendations for Future 
Research Studies 
8.1 Summary 
According to the findings obtained from the current experimental work, the objectives of this 
research study were completely achieved. The comprehensive and deep understanding of the 
effect of geogrid materials on the performance of concrete pavements under different loading 
and environmental conditions were obtained. The achieved objectives included evaluating the 
influence of geogrid materials on the flexural behaviour of concrete pavements tested under 
static and cyclic loads, the effect of geogrid materials on the drying shrinkage of normal and 
high strength concrete and the effect of geogrid materials on the drying shrinkage and thermal 
expansion of reactive powder concrete. The following sections summarise the main 
conclusions of this research study. In addition, recommendations for future research studies 
are suggested. 
8.2 Conclusions 
Based on the experimental test results of the concrete pavements reinforced with geogrid 
materials and tested under various loading conditions and environmental conditions, the 
following main conclusions are drawn: 




 8.2.1 Effect of geogrid materials on the concrete pavements under loading conditions 
1. The geogrid reinforcement is characterised with high resistance to the tensile stresses and 
corrosion. Thus, the geogrid can be a feasible alternative for the steel reinforcement. 
2. According to the experimental observations, the geogrid reinforcement could contribute in 
delaying the initiation and propagation of cracks in the concrete pavements reinforced 
with geogrid materials. Also, the geogrid reinforcement significantly influences on the 
failure modes of the concrete pavements reinforced with geogrid before the failure takes 
place. 
3. The fracture energy and ductility of concrete pavements reinforced with geogrid could be 
improved. As a result, the serviceability level of concrete pavements reinforced with 
geogrid increases. 
4. Geogrid reinforcement can improve the flexural fatigue strength of the concrete 
pavements subjected to cyclic loads by about 20% in comparison with the plain concrete 
pavements. Accordingly, the traffic loads of the concrete pavements reinforced with 
geogrid can be increased. 
5. With formation of visible cracks in the specimens during the cyclic loading tests, the 
geogrid reinforcement continued in resisting the applied cyclic loads for a significant 
longer time before the pavement completely failed. 
6. During applying the cyclic loads, the crack mouth opening displacement of the concrete 
pavements reinforced with geogrid materials was lower than that of the plain concrete 
pavements. As a result, the durability of the concrete pavements reinforced with the 
geogrid can be improved during their service life. 
7. The number of cyclic loads of the concrete pavements reinforced with geogrid materials 
increased between 87% and 91% more than that of the plain concrete pavements. As a 




result, the fatigue life of the concrete pavements reinforced with the geogrid can be 
extended for a long time without extreme deterioration of the concrete pavements. 
8. The experimental results emphasise that all study parameters including the flexural stress, 
fracture energy, crack mouth opening displacement and number of load cycles of the 
specimens reinforced with the geogrid were significantly improved with increasing the 
number of geogrid layers. 
8.2.2 Effect of geogrid materials on the concrete pavement under environmental conditions 
1. The geogrid reinforcement could reduce the drying shrinkage strains of the concrete prism 
specimens between 0.7% and 15% more than the reference. 
2. The geogrid reinforcement could decrease the drying shrinkage strains during the early 
age of the concrete specimens reinforced with one layer of geogrid layer.  
3. The rate of drying shrinkage of concrete specimens reinforced with one layer of geogrid 
declined by about 2% more than the unreinforced specimens during the drying duration. 
4. For the concrete slab specimens, the geogrid reinforcement could reduce the shrinkage 
strains by about 7–28% in comparison with the control specimens. 
5. The concrete slab specimens were suggested in this study to simulate the behaviour of 
concrete pavements in providing a wide surface area exposed to the effect of 
environmental conditions. However, more experimental studies are required before they 
are adopted. 




6. Geogrid reinforcement can improve the durability of high strength concrete pavements in 
terms of reducing the drying shrinkage strains in the range of 10 to 45% when subjected to 
ambient environmental conditions. 
7. For high strength concrete specimens reinforced with geogrid materials, in general, the 
drying shrinkage strains will occur at a rate lower than that of unreinforced concrete 
specimens in the range of 7 to 54 %/day. 
8. Increasing the number of geogrid layers seems not to have an effect on the drying 
shrinkage for high strength concrete specimens. 
9. The triaxial geogrid reinforcement significantly reduces the thermal expansion strains of 
RPC prisms when subjected to the ambient conditions by about 18% lower than that of the 
references. 
10. The effect of triaxial geogrid reinforcement as a thermal expansion reducing material 
considerably appears at the early age of the RPC (between the age of 4 days and the age of 
21 days) and continues up to the age of 103 days. 
11. The thermal expansion strains of RPC significantly decreases with increasing the number 
of triaxial geogrid layers by about 20% lower than that the RPC reinforced with a single 
triaxial geogrid layer. 
12. The rate of thermal expansion of RPC reinforced with the triaxial geogrid was lower than 
that of the references during the whole testing time (103 days). 




13. An empirical equation was developed using a simple linear regression model for 
predicting the thermal expansion strains of RPC reinforced with a single or double triaxial 
geogrid layer cured under ambient conditions. 
8.3 Recommendations for future research studies 
For this research study, the following recommendations can be identified. 
1. The effect of geogrid reinforcement on the performance of concrete pavements for large-
scale field is required.  
2. More experimental tests for the concrete pavements reinforced with geogrid and subjected 
to a combination of the effect of traffic loads and environmental conditions are 
recommended. 
3. The performance of concrete pavements reinforced with different openings shapes and 
different types of geogrid products is required. 
4. The effect of geogrid materials on the shrinkage and creep properties of concrete 
pavements reinforced with geogrid for a long time is recommended. 
5. The experimental and analytical investigations on the performance of concrete pavements 
reinforced with geogrid and support by different stiffness of subgrade with subjecting to 
different wheel loads are recommended. 
